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ABSTRACT 
The Mid-0rdovician Oolitic Ironstones of North Wales - Robert Trythall 
Oolitic ironstones occur within the Lower Palaeozoic Welsh Basin as 
isolated deposits found over a wide geographical area. There are two 
phases of ironstone deposition, a minor Upper Arenig phase and a 
Mid-0rdovician (Upper Llanvirn to basal Caradoc) phase. Both correlate 
with eustatic falls of sea level which exposed the Irish Sea Landmass 
lying irrmediately to the northwest. This exposure resulted in deep 
chemical weathering and generation of lateritic soils. Erosion of this 
material formed the source for the oolitic' ironstones in the Welsh 
Basin. 
The ironstones formed above stratigraphic hiatuses on sediment 
starved shallow water shoals, formed. by synsedimentary faulting. These 
shoals were the favourable sites for the formation of berthierine 
peloids, which formed the nuclei for ooids. Additionally, they were 
also the si te for the accumulation of berthierine mud, which was 
closely linked with the development of ferruginous algal mats. 
Bacterial reduction of organic material associated with ironstones, 
supplied the necessary reducing conditions for the formation and 
preservation of berthierine from a kaolinite/iron oxide precursor. 
Ooids formed by rolling over the muddy surface and mechanically 
accreting berthierine. 
Subsequent tidal current reworking of this sediment resulted in the 
formation of the characteristic lithological features of the 
ironstones, representing a shallowing-up sequence. Progressive current 
winnowing led to the formation of a sequence with an upward increasing 
ooid content and decreasing mud content. The upper facies of the 
ironstones is an ooid bar deposit worked by tidal currents. Cessation 
of current reworking allowed faunal colonisation of the bar wi th 
significant bioturbation of the sediment, destroying primary 
sedimentary structures. The presence of scm:: grain-ironstones indicate 
the original sedimentary state of the upper facies. Tectonic 
instability during deposition, by synsedimentary faulting, resulted in 
the formation of disturbed ironstones, and debris flows within the 
ironstone sequences. 
Many features of the ironstones are diagenetic in origin, especially 
the formation of phosphate nodules within the ironstone sequence. 
These formed just below the sediment/sea water interface, and s<:xoo 
nodules were reworked into overlying beds. The source was phosphorus 
released from adsorption on clays and iron oxides, and also released 
from organic material. Later siderite development in the ironstones is 
indicated by the presence of primary cements in grain-ironstones and 
secondary alterations in pack-ironstones. The generation of diagenetic 
siderite was dependant upon the amount of organic material within the 
ironstones, bacterial reduction of which resulted in the formation of 
bicarbonate and ferrous ions. 
Sane ironstones were subsequently altered during the Caradoc 
phase of volcanic activity. The formation of magnetite and 
stilpnomelane wi thin the ironstones were caused by metasanatic 
activity associated with dolerite sills and microgranite intrusions. 
Siderite alteration and base metal sulphides resulted fram late stage 
hydrothermal activity by some microgranites. Contact metarrorphism by 
granophyric intrusions led to the extensive replacement of the 
ironstones by pyrite. Regional metarrorphism resulted in the 
progressive change of berthierine to chamosite and increased lattice 
ordering of chamosite. 
-12­
1 INTROOOCflOO 
1.1 IN'l'R)OOCTION 
The volcanic history of the Welsh Basin, and by implication its 
tectonic setting, has been the main focus of research on Welsh 
geology. By contrast little attention has been paid to the oolitic 
ironstones. These occur throughout North Wales, in the mountainous 
areas of Snowdonia and Cadair Idris, but can also be found in the 
low-lying areas of Anglesey and the Llyn Peninsula. The exposures of 
these ironstones are predominantly within abandoned mines and adits. 
These ironstones, mainly exploited fram Victorian times up to the end 
of the First World War, are the only example in Britain of an oolitic 
ironstone that has undergone metanorphism (Hallimond in Pulfrey 
1933a) • 
1.1.1 Distribution of North Wales Ironstones 
Oolitic ironstones are distributed sporadically in the Ordovician 
North Wales Basin. They can be found in the Anglesey, LlYn Peninsula, 
Snowdonia and Cadair Idris regions (Figure 1.1). On the basis of their 
age the ironstones can be divided into two distinct phases of 
develcpnent, an uppermost Arenig/basal Llanvirn phase, and a 
Mid-ordovician phase (Figure 1.1). 
The first phase consists of p<:X>rly developed ironstone horizons 
which occur at the top of the Arenig or the base of the llanvirn 
(Beckley 1987). This interval has been noted as favourable for the 
formation of ironstones (Young 1989b). These ironstones occur in the 
Bangor district (Greenly 1944; Howells et al. 1985), the LlYn 
Peninsula (Nicholas 1915; Crimes 1970; cattermo1e & Ramano 1981), the 
Arenig area (Beckley 1986), near Dolgellau (Cox &wells 1927; Kokelaar 
1979) and in the Arans (funkley 1978). The majority of these deposits 
are dated by graptolite faunas which place them in the hirundo 
Biozone. Those ironstones not dated by graptolites are placed at the 
top of the Arenig on the basis of local lithostratigraphic 
correlations (Beckley 1986,1987). 
-13­
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ANGLESEY 
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• Bwlch y Cywion 
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6. U.Arenig Ironstones Ffordd Ddu Foxes Path 
• Mid-Ordovician Ironstones 
CADAIR lORIS 
Figure 1.1 Location of the North Wales Ironstones. A distinction is 
made between Upper Arenig and Mid-0rdovician oolitic ironstones. The 
main Mid-0rdovieian localities have been named. 
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The Mid-ordovician Ironstones form the second phase (TrythaII et ale 
1987; Trythall 1989). These ironstones, which are the subject of this 
investigation, are found in Anglesey (Greenly 1919; Bates 1972), the 
LlYn Peninsula (Nicholas 1915; Crimes 1969; Tremlett 1962), Snowdonia 
(Greenly 1944; Reedman et al. 1983; Smith 1987; Branley 1963) and 
Cadair Idris (Cox 1925: Jones 1933; Dunkley 1978). 
1.1.2 History of Research on the North Wales Ironstones 
Little attention has been paid to the North Wales Ironstones since 
Pulfrey (1933a) first described their petrology. Strahan et al. (1920) 
reviewed the occurrence and field relationships of the ironstones, and 
Pulfrey's (l933a) research relied heavily on the descriptions of 
Strahan et al. (1920). There were, however, other research workers who 
mentioned the occurrence of ironstones in their mapping area 
(Fearnsides 1910; Nicholas 1915; Greenly 1919; Cox 1925). Fearnsides 
(1910) suggested that the Trernadog ironstone was a metasomatic deposit 
formed by the intrusion of a dolerite sill along a thrust plane, with 
metasomatic fluids flowing along other thrust planes. Subsequent 
researchers proposed that the North Wales Ironstones were sedimentary 
in nature (Nicholas 1915; Strahan et ale 1920; Cox 1925). This 
suggestion was accepted when Pulfrey (1933a) presented his paper. Cox 
(1925) suggested that the thick sequence of spilitic lavas beneath the 
cadair Idris ironstone could be the source of iron. Pulfrey' s (1933a) 
proposition was the formation and deposition of ooids within a 
ferruginous gel to form the ironstones. 
Weinberg (1973) concluded that the ironstones all occurred in the 
gracilis Biozone at the base of the caradoc. Material fram lateritic 
weathering of the Lake District Borrowdale Volcanics was eroded during 
the gracilis transgression and formed the source of material for the 
ironstones. The ooids were formed as mud-balls during the rapid 
erosion of deposi ted argillaceous sediment. When the current waned the 
ooids were deposited in poorly-sorted, graded bedded sediments. 
Mineralogical differences within ooid laminae were subsequently formed 
beneath the sediment/sea water interface. More recent research, in 
which the ironstones are referred to, has attempted to place the 
ironstones within a regional stratigraphy, with little or no 
explanation of their IOOde of origin (Tremlett 1962; Evans 1968; Crimes 
1969; Davies 1969; Catterm01e & Jones 1970; Bates 1972; Ridgway 1976; 
Dunkley 1978; Roberts 1979; Reedman et al. 1983; Howells et ale 1985). 
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1.1.3 Mining HistoEY 
The North Wales Lower Palaeozoic rocks contain a varied collection 
of mineral deposits. The main period of mining was in the 19th 
Century. The principle metals extracted were gold, copper, zinc, lead, 
barium, manganese and iron (Foster-Smith 1977 a&b). Of these only gold 
has been exploited over the last ten years, mainly recovered fran 
quartz veins in carbonaceous shales to the north of Dolgellau 
(Bottrell et a!. 1988). Copper, lead and zinc were mined throughout 
North Wales (Archer 1959). These deposits are all hydrothermal in 
origin, either volcanogenic (Reedman et a!. 1985), magmatic (Rice & 
Sharp 1976~ Allen et al. 1976) or orogenic (Dunham et ale 1978). By 
comparison, the iron and manganese deposits in North wales are thought 
to be wholly of sedimentary origin. Manganese occurs in the Cambrian 
in the Harlech 1bre, and in the cambrian and Ordovician in the Llyn 
Peninsula (Bennett 1987). 
The peak of mining of the North Wales Ironstones, outlined by 
Strahan et a!. (1920), was in the 19th Century; sane were mined up to 
the end of the First World War. Ironstone workings were known to have 
existed at Betws Garrron and Ty11au Mwn as early as 10 38. But the 
rna jority of mines were opened durirg the 1850' s. The Tremadoc 
ironstone was discovered when digging in search of coal in black 
shales associated with the ironstone. Most of the mining ceased during 
the 1870's, although the Aber and Gorddinog mines were discovered and 
exploited 1915-1916, and the Betws Gannon and Llandegai ironstones 
were mined up to the end of the First World War. Most of the ironstone 
mines were worked at a shallow depth as open pits, but a few were 
mined underground (Betws Garmon and Cross Foxes). The main economic 
viability of these ores was handicapped by their phosphorus and 
sulphur contents, which was reduced by weathering. This explains why 
most ironstones were only exploited in shallow pits. In the case of 
those ironstones mined underground, the hardness of the ore obtained 
was detrimental to its market value. Approx:i.rnately 300,000 tonnes of 
iron ore were rerroved fran North Wales (Strahan et al. 1920), of which 
one third came fran Betws Gannon. The ore fran the ironstones was 
shipped to the steel works of South Wales. 
-16­
1.2 GroImICAL EVOWIION OF THE NORm WALES BASIN 
The North Wales region is composed mostly of Lower Palaeozoic 
sediIrents and volcanics, with minor exposures of Precambrian, Devonian 
and carboniferous rocks. During the Lower Palaeozoic the Welsh Basin 
was bound to the northwest by the Irish Sea Landmass, which separated 
it fran the Lake District-Leinster Basin further to the northwest. 
Further northwest again lay the closing Iapetus Ocean, while to the 
southeast lay the Midland Platform. Gibbons & Gayer (1985) and Hutton 
(1987) have interpreted the Caledonides as a series of discreet 
terranes (Figure 1.2). They interpret the juxtaposition of the Irish 
Sea Landmass (Mona terrane) as a suspect terrane which docked against 
the welsh Basin at the start of the Cambrian. 
The Welsh Basin was founded on immature continental crust of 
Precambrian age, younger than 900 Ma (Kokelaar et al. 1984), which 
crop out on Anglesey and the Llyn Peninsula (Figure 1.3). The 
northwest and southeast margins of the Welsh Basin were defined by 
reactivated northeast to southwest basenent faults which, with north 
to south trending faults (Figure 1.3), controlled the topology, 
sedimentation and volcanism throughout the Lower Palaeozoic (Kokelaar
. 
et al. 1984). The tensional Welsh Basin was continuously active 
throughout its Lower Palaeozoic history, with no quiescent periods 
(Fitches &Woodcock 1987). 
1.2.1 Lower Palaeozoic History 
An outline of the geology of North Wales is given in Figure 1.3. 
This also shows the distribution of the major faults which were active 
during the Lower Palaeozoic. The earliest record of volcanic activity 
in North Wales is represented by the early Cambrian Arfon Group 
(Reedman et al. 1984). Large thicknesses of acid volcanic rocks 
accUl1U.llated in major fault controlled grabens which were subsequently 
infilled by marine sedirnents during the Cambrian. Uplift and erosion 
at the end of the Tremadoc, associated with island arc type volcanism 
(Bevins et ale 1984), was followed by a renewed transgression in the 
early Arenig (Beckley 1987), where sediments onlapped onto 
progressively older rocks to the northwest. Sedirnentation, daninated 
by fine-grained shelf siliciclastics, ca1tinued up to the caradoc, 
which was marked by the onset of major volcanism in North Wales 
(Koke1aar et ale 1984~ Howel1set ale 1985). The volcanism, 
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Figure 1.3 Outline of the Geology of North Wales, showing the 
distribution of major faults or fracture zones active during the 
Lower Palaeozoic. Location of the main ironstones are shown as dots, 
names after Figure 1.1. 
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sedimentation and tectonic activity in the Welsh Basin have been 
placed within a general model of Ordovician plate tectonics (Campbell 
et ale 1988: Kokelaar et ale 1984). It is proposed that the Welsh 
Basin was transitional from a volcanic arc to a marginal basin in a 
back arc setting (Bevins et ale 1984), underlain by immature 
continental basement undergoing extension (although no oceanic crust 
was formed). 
1.2.2 Deformation and Metamorphism 
:CUring the Caledonian Orogeny (end Silurian to early Devonian) the 
previously tensional regime for the welsh Basin became a compressional 
one, which inverted the basin with a component of renewed reactivation 
along the basement faults (Pitches & WOodcock 1987). The deformation 
in North Wales is characterised by northeast to southwest trending 
upright folding, with an arcuate pattern and a penetrative axial 
planar cleavage (Coward & Siddans 1979; Campbell et ale 1985; Smith 
1987; Wilkinson 1987; Wilkinson & Smith 1988). Discrete zones contrast 
markedly with this regional pattern and have been interpreted as 
deformation above basement faults or fractures (Wilkinson & Smith 1988 
and Figure 1.3). 
Recent publications on metamorphism in North Wales (Roberts 1981; 
Bevins & Rowbotham 1983; Merriman & Roberts 1985; Roberts & Merriman 
1985: Robinson & Bevins 1986) have used metabasite assemblages and 
illite crystallinity of metapelites to determine metamorphic grade, 
showing that the highest grades are low-grade greenschist facies 
(epizone) in Central SnCMdonia and the Harlech 1Xme I with grades 
decreasing away fran this area (Figure 1.4). The :met.am:::>rphic grades 
reflect burial metamorphism, at a PiT gradient of 250 C/km (Robinson & 
Bevins 1986). The highest grades reflect the area of thickest 
accumulation of sediment, although it may also have been affected by 
the intrusion of a number of plutons. However, it has been proposed 
that metamorphism was pre-deformation due to a high heat flux because 
of crustal thinning due to extension (Bevins & Robinson 1988). 
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1.3 AIMS OF THE INVESTIGATION 
The sedimentary sequences in which the ironstones are contained are 
fine-grained siliciclastic sediments. Stratigraphic and 
sedimentological research of these sequences in the past has been 
hampered by poor biostratigraphy and low-grade metamorphic 
overprinting of the diagnostic sedimentary structures, textures and 
mineralogy. In turn this has hampered any research into the 
ironstones, which occur as discrete bodies within the fine argillites. 
Despite this defonnation and met.arrorphism, sufficient sedimentary 
textures are preserved for a sedimentological study of the North Wales 
Ironstones. 
1.3.1 Objectives of the Investigation 
The aim of this work is to study the sedimentation, diagenesis and 
subsequent alteration of the North Wales Ironstones, and then to place 
the ironstones within the context of current knowledge of the Welsh 
Basin and Phanerozoic ironstones. The specific objectives are: 
1) To establish the distribution of the ironstones and detail 
their field relationships. 
2) To determine the ages of the ironstones and place them within 
a regional stratigraphy. 
3) To determine the environments of deposition of the 
ironstones. 
4) To document the diagenetic history of the ironstones. 
5) To document further alterations of the ironstones. 
6) To compare and contrast the history of the ironstones 
obtained to current knowledge of the Welsh Basin (Fitches & 
Woodcock 1987; Kokelaar et all 1984) and to other oolitic 
ironstones (Young & Taylor 1989). 
1.3.2 Outline of the Thesis 
The thesis is presented through a geological history of the 
develor;ment of the ironstones, fran the origins and sedimentation, 
through the diagenesis to metasanatic and hydrothermal alterations. 
The distribution and stratigraphy of the ironstones (Chapter 2) are 
followed by the sedimentation of the ironstones (Chapter 3), including 
a description of their geochemistry. DiageneSis of the ironstones 
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(Chapter 4) is mainly a petrological study supplemented by X-ray 
diffraction (XRD), electron probe micro-analysis (EPMA) and X-ray 
fluorecence (XRF) analysis. The same techniques are also used to 
determine the metasomatic and hydrothermal alterations of the 
ironstones (Chapter 5). This work is concluded (Chapter 6) by a 
comparison of the North Wales Ironstones to the more problematic areas 
of Phanerozoic Ironstone formation and Welsh Basin history. 
1.3.3 Methodology 
A number of analytical techniques have been used to supplement the 
field and petrographic descriptions of the ironstones. Samples 
collected in the field for further study (XRD, EPMA, XRF and 
inductively coupled plasma emission spectroscopy (ICP)) are detailed 
in Appendix 1, which gives sample numbers, their location and 
analytical techniques used. 
A total of 32 samples was analysed by XRD at Oxford University to 
identify and study the structure of the iron-bearing sheet silicate in 
the ironstones. Bulk rock XRD was used to identify the mineralogy of 
the ironstones studied in thin section. The analytical conditions and 
results are given in appendix 3. Electron probe micro-analysis was 
undertaken at Cambridge Universi ty on 16 polished thin sections to 
study cham:::)site, apatite, siderite and stilpnanelane ccmpositions 
(Appendix 4). Fran the EPMA spot size only siderite, stilpnanelane and 
large cha.rrosite crystals could be analysed with confidence. Therefore, 
Appendix 4 gives analytical conditions, methodology for ensuring pure 
analyses and EPMA results. 
A total of 37 samples were analysed by XRF at Nottingham University 
for the major and 18 trace elements. These samples consisted of 4 
grain-ironstones, 25 pack-ironstones, 6 wacke-ironstones, 1 chamositic 
mud-ironstone and 1 feebly oolitic sideritic ironstone. The XRF data 
presents the major elements as weight percent oxides, and the trace 
elenents as parts per million (ppn) elenent. Total iron, Fe203 (T), was 
11/ III. ub 1 d . edcalculated as Fe203• The Fe Fe ratlo was s sequent y etermln 
by wet chemical methods (Appendix 5). The results of the XRF data are 
given in Appendix 5. The XRF data was studied using a multivariate 
statistical analysis package (Heley 1980) and a MINITAB data handling 
package on a VAX mainframe cOOlputer. Multivariate statistical analysis 
of the data showed up the natural groupings and associations of the 
data set. These groupings were then studied using MINITAB, which can 
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plot any element against another, calculate the Pearson Corre~ation 
Coefficient (r) and the equation for the regression line. ICP ana~ysis 
for the rare earth elements (REE) was also undertaken on 18 of the XRF 
samples, the results of which are given in Appendix 5. The samples 
were analysed by rcp at Oxford Polytechnic, the method of preparation 
after Jarvis & Jarvis (1986). 
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1.4 CIASSIFICATION OF mJNSTONES AND NCMENCIATORE 
Until recently there was confusion over the definition of 
ironstones, over the distinction of oolitic ironstones fran Banded 
Iron Formations (BIF), and over the nomenclature used in describing 
ironstones. For example, there is confusion in the use of such terms 
as 'Clinton type ironstones' and 'Minette type ironstones', and in the 
use of the terms charcosi te and charcositic. These uncertainties have 
been largely resolved by a workshop during the 'Phanerozoic 
Ironstones' Symposium (Sheffield University, April 1987). The 
recornnendations, which are adopted in this thesis, will be published 
elsewhere (Young 1989a). 
1.4.1 Definition of an Ironstone 
An ironstone is defined as a ferruginous sedimentary rock of any age 
containing 15% or more Fe of primary origin (depositional or 
diagenetic) (James 1966, Kimberley 1978, Van Bouten & Bhattacharrya 
1982). Oolitic ironstones are distinguished fran 'Banded Iron 
Formations' in that they are daninant1y Phanerozoic, predominantly 
contain coated grains, are canm:mly aluminous, contain no chert, and 
are not banded. The dcminant iron-minerals are berthieroid, goethite, 
siderite and haematite (Maynard 1983, James 1966). 
Phanerozoic Ironstones (SCOS-IF, sandy, clayey and oolitic, shallow 
inland-sea iron formation - Kimberley 1978) have previously been 
referred to as 'Minette' and 'Clinton' type ironstones (Gross 1970). 
These terms are not used as they are not adequate as standard facies 
types to be used as a reference type. While a facies term to 
distinguish different Phanerozoic Ironstone types is needed, more work 
is required before such a scheme can be suggested (Young 1989a). The 
term 'ironstone formation' (Van Bouten & Bhattacharrya 1982, Boward 
1985) refers to a mappable rock unit ccmposed m:>stly of ironstone 
(sensu stricto). It should not be confused with the Precambrian 
'Banded Iron Formations'. 
1.4.2 Nomenclature of ironstones 
In describing the North Wales Ironstones, Weinberg (1973) used the 
classification scheme of Taylor (1949). A similar scheme was used 
earlier by Pulfrey (1933a). Taylor's (1949) scheme proposed that the 
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primary classification of the rock (either ironstone, sandstone or 
mudstone) should be determined by the nature of the matrix, with 
secondary subdivisions based on the nature of the ooids. Adjectival 
prefixes are used for the minerals of the groundrnass and substantive 
prefixes for for those of the ooids. Therefore a rock with limonite 
ooids in a siderite matrix is a sideritic lim:mite oolite (Taylor 
1949). The main disadvantage of this scheroo are that it includes no 
textural information. The mineralogy of ironstones is diagenetical1y 
very variable, hence the lack of consistency in adoptinJ a purely 
mineralogical description (Dimroth 1975). It is probably more useful 
in ironstones to stress the textural information in the nomenclature, 
leaving the user to add as much or as little mineralogical information 
as the context requires. 
The nomenclature proposed for Phanerozoic Ironstones (Young 1989a), 
is an adaptation of the limestone classification sch~ of Dunham 
(1962). One suggested qualification is the use of ••stone , in theI 
Dunham scheme should be replaced by ' ••-ironstone' (eg mud-ironstone, 
pack-ironstone). This is because of the occurrence of both ironstones 
and limestones in a single sedimentary sequence. The nanenclature for 
the allochems within the ironstones follows those of limestones, with 
an ' •• idal' termination of allochem names (eg ooidal grain-ironstone, 
oncoidal wacke-ironstone). To include mineralogy, it should be given 
as a noun for the allochem and as an adjective (if the adjectival form 
is available) for the groundrnass. Thus a matrix-supported ironstone 
with 15% goethite ooids in a chamosite-rich matrix would be te~ a 
goethite ooidal chamositic wacke-ironstone. 
This classification is sui table for the majority of oolitic 
ironstones, but it would not give a complete textural description of 
the North Wales Ironstones for two reasons. The North Wales Ironstones 
contain ferruginous oncoids and stranatolites, and also reworked 
sedimentary clasts. These two aspects are not covered unless the 
modifications to the Dunham scheme by Embry & K10van (1971) are 
included in the ironstone classification scheme. Therefore the terms 
float-ironstone, rud-ironstone and bind-ironstone should be 
incorporated. Secondary subdivisions of the matrix follow the Dunham 
scheme. Therefore an ooidal pack-ironstone containing cobble-sized 
phosphatic clasts which do not support each other I would be a 
phosphatic float-ironstone in an ooidal pack-ironstone. 
This nomenclature to describe the North wales Ironstones replaces 
the one previously used by Trythall et ale ( 1987 ). Table 1.. 1 equates 
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the nomenclature used here with that of Trythall et ale (1987). 
Trythall et ale (1987) This Work 
chamositic mudstone chamositic mud-ironstone 
oolitic pisolitic mudstone ooidal wacke-ironstone 
massive oolitic ironstone ooidal pack-ironstone 
massive oolitic ironstone 
with a sparry cement ooidal sideritic grain-ironstone 
Table 1.1 Nomenclature of the North Wales Ironstone facies: a 
canparison of this work with TrythaI1 et al. (1987) • 
Throughout this work, the chlorite terminology is after AIPEA 
(1980). Therefore chamosite is a 2:1 iron-rich trioctahedral 1.4nm 
chlorite with FeII as the dc:rninant divalent octahedral cation, while 
berthierine is an Fe-rich 1:1 layer silicate of the serpentine group 
(o. 7nm repeat) having appreciable tetrahedral aluminium. However, a 
field and petrographic term for an iron-rich clay is needed 
(previously 'chamositic') and it is recormended that the tern 
berthieroid should be used (Young 1989a). 
1.4.3 Terminology of the coated grains 
The North Wales Ironstones have previously been described as oolitic 
and pisolitic (Pulfrey 1933a, Weinberg 1973), although neither author 
recognised the relative abundance of oncoids within the ironstones. 
The nomenclature of allochems follCltlS the reccmrendations of Young 
(l989a) although with sane minor differences, detailed belCM. These 
are due to the peculiarities of the North Wales Ironstones. As 
ferruginous ooids are norphologically similar to recent calcareous 
ooids (Kimberley 1983), the nomenclature for ferruginous allochems 
follows that of calcareous allochems. Richter (1983a) in describing 
coated grains uses the descriptive terms ooids and oncoids, which are 
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adopted here. Richter (1983b) describes ooids as: 
1) formed by a cortex and nucleus variable in composition and 
size, 
2) as having a smoothly laminated cortex, 
3) increasing in sphericity with growth, 
4) lacking constructive biogenic structures. 
Oncoids are distinct fran ooids in that their laminae are irregular 
(often wavy) and usually discontinuous. However the term oncoid also 
has a genetic implication of an algal/organic origin (Dahanayake 
1977). The terms pisoid (an ooid larger than 2mm - Richter 1983bi 
Young 1989a) or the term microoncoid (an oncoid less than 2mm in size 
- Young 1989aj Dahanayake & Krumbein 1986) are not used in this work. 
This is because ooids and oncoids have a continuum in size and 
therefore it would be misleading to place an artificial size barrier 
on allochem classification. However, the size of allochems (and clasts 
and nodules) is important in classifying the texture of the 
ironstones. 
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2 DISTRIBUTIOO AND STRATIGRAPHY OF THE lRONS'l'CNES 
2.1 INl'R)OOcrION 
The North Wales Ironstones may be grouped into four geographical 
areas: Anglesey, Llyn, Snowdonia and Cadair Idris (including the 
Arans). In this chapter the occurrence of ironstones within each area 
is described. Although the ironstones are distributed over a wide 
ge<>;Iraphical area, their occurrence is sporadic beirg separated by 
large areas of non-occurrence. A field guide to the main ironstone 
localities is to be published elsewhere (Trythall 1989). It is the 
intention of this chapter to document all Mid-0rdovician ironstone 
localities and describe the features exposed. 
2.1.1 General Characteristics 
Throughout North Wales, the ironstones can easily be distinguished 
from the adjacent fine-grained clastic sediments by their poorly 
cleaved or uncleaved nature and by their darker colour, which weathers 
to a strong orange/brown colour. The typical sequence is of basal 
chamositic mud-ironstones interbedded with mudstones, siltstones and 
shales. This is followed upwards by a transi tional facies (ooidal 
wacke-ironstones, or alternating lenses of pack-ironstone, 
wacke-ironstone or float-ironstone in mud-ironstone) with an upward 
increasing ooid and oncoid content and decreasing mud content. The top 
of the ironstone is marked by an ooidal pack-ironstone, ooidal 
wacke-ironstone with pack-ironstone patches or float-ironstone (more 
rarely an ooidal grain-ironstone), which reverts abruptly to overlying 
clastic mudstones. 
Within the ironstone sequence early diagenetic phosphate nodules, up 
to 10cm in length, are a conspicuous feature. Nodules do not occur in 
the ooidal grain-ironstones. In the ooidal pack-ironstones they are 
am:>eboid in shape with diffuse margins (Figure 2.l.a). In the 
underlying muddier facies they are rounded, with sharp, well defined, 
margins; sane localities show a pronounced bedding alignment. When 
fresh, the nodules are dark grey and show little of the internal 
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Figure 2.1 Phosphate nodules within ooidal pack-ironstones (Pen y Gaer 
SH 2992 2821). a) Nodules (N) are distinctive by their white colour 
·1
when weathered. b) A loose packing of ooids can be seen within the 
nodules. i 
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II texture, but on weathered surfaces they are white, displaying randomly 
scattered ooids and oncoids (Figure 2.l.b), brachiopod fragments and 
sponge spicules (Pulfrey 1933b). 
2.1.2 Biostratigraphy 
The North Wales ironstones do not commonly contain stratigraphically 
useful fossils. In the past various ironstones have been assigned to 
different stratigraphic levels in the Ordovician (and Cambrian), 
although some ironstones have already been reliably dated as they 
contain good graptolite faunas. To clarify the stratigraphic position 
of all the North Wales Ironstones, selected ironstone samples, or 
mudstones immediately adjacent to ironstones, were collected for age 
determination using acritarchs, in collaboration with Dr. Stuart 
Molyneux (BGS Keyworth). This lead to the publication of new ages for 
the ironstones (Trythall et ale 1987). Vbrk on Ordovician acritarch 
dating in Bri tain is still at a preliminary stage, but it is now 
possible to assign ages to most of the ironstones, based on the known 
ranges of acritarchs in Britain, their occurrence elsewhere, and the 
composi tion of the associated publ ished graptolite faunas' Fi~ A). 
TrythaI1 et ale (1987) found three differing acritarch assemblages 
for the North Wales Ironstones. The first is an U.Llanvirn assemblage 
(Bryn Poeth) , the next is a Lower or Middle Llandeilo assemblage (St. 
Tudwals, Betws Garmon, Llandegai, Trefor) and the third is a basal 
Caradoc assemblage (Trernadog). The stratigraphic age of each ironstone 
locality will be included with the description of its lithology. 
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2.2 ANGLESEY 
The ironstones on Anglesey have previously been described by Greenly 
(1919), Strahan et al. (1920) and Bates (1972). Since these works were 
published, most of the smaller localities are no longer, and so they 
have been located from Greenly's original field slips (at the British 
Geological Survey, Aberystwyth). Their description is taken fran the 
above three authors. Greenly (1919) described three types of ironstone 
on Anglesey, feebly oolitic grey siderite rocks, feebly oolitic 
ferrified grits and oolitic ironstones. The distribution of the 
localities and the different ironstone types are shown in Figure 2.2. 
In only four pits are ironstones now exposed: Porth Padrig, Fferam 
Uchaf, Tynyronen and Bryn Poeth. 
2.2.1 Porth Padrig [SH 3756 9434] 
This ironstone, plus the Penterfyn [SH 382 946] and Porth Pridd [SH 
407 945] ironstones, occur in caradoc outliers O.n the Gwna Melange 
(Bates 1972). These ironstones are dated, by graptolite faunas 
recovered from shales adjacent to the ironstone, as occurring in the 
gracilis Biozone (Greenly 1919). These ironstones are the feebly 
<x>litic siderite ironstones of Greenly (1919). At Porth Padrig the 
ironstone is exposed in the cliff (Figure 2.3) as a pale brown, 
strongly weathered, featureless ironstone. However on the foreshore 
are exposures of fresh grey and feebly oolitic ironstone. 
2.2.2 Fferam Uchaf [SH 3626 8675] 
All the ironstones in this central zone (Figure 2.2), apart from 
Mynydd y Garn (an oolitic ironstone), are feebly oolitic ferruginous 
grits occurring within the basal beds of the gracilis transgression 
across central Anglesey (Bates 1972). This ironstone is dated by 
shales of the gracilis Biozone exp:>sed in Fferam Uchaf Farm (Bates 
1972). The Fferam Uchaf ironstone outcrops in a small pit just to the 
northwest of Fferam Uchaf Farm (Bates & Davies 1981), which eXp:>ses 
1.5m of dark flaggy chamositic mud-ironstones with thin interbedded 
grits and cong1anerates with sparse ooids. The ironstone rests on 
murchisoni Biozone shales exposed to the south of the farm (Bates & 
Davies 1981). 
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Figure 2.2 Location of the ironstones on Anglesey, showing the 
distribution of the three different ironstone types, squares 
feebly oolitic sideritic ironstones, triangles - feebly oolitic 
ferrified grits, circles - oolitic ironstones. Shaded area is the 
Ordovician outcrop. 
-33­
fl 
!I 
:1 
-'----~ 
Figure 2.3 The Porth Padrig ironstone [Sa 3756 9434]. The adit on the 
left (A) is into gracilis Biozone shales. Intensively weathered 
ironstone is exposed in the main adit to the right (B) while fresh 
ironstone is exposed on the foreshore (C). 
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2.2.3 Tynyronen [SH 4327 7932] 
This ironstone is also of gracilis Biozone age (Greenly 1919) and 
is a small exposure 300m to the northeast of Tynyronen Farm. Most of 
the pit is of cleaved chamositic mud-ironstone with abundant phosphate 
nooules. In the southwest corner of the pit is a srrall exposure of 
strongly weathered oolitic ironstone. Near Llangwyllog church [SH 
439789], 800m to the southeast of Tynyronen Farm, Bates (1972) 
described a small quarry with nodular oolitic ironstone, now no longer 
exposed. 
2.2.4 Bryn Poeth [SH 6016 7958) 
The Ordovician sequence exposed in southeast Anglesey, described by 
Greenly (1919) and Bates (1972), consists of Arenig grits resting 
unconformably on Precambrian schists, succeeded by U.Arenig shales 
(Beckley 1987). Greenly (1919) noted the absence of the bifidus 
Biozone in this area, as the next exposure in the stratigraphic 
sequence is the Bryn Poeth ironstone with an U. Llanvirn g rap toli te 
fauna (Greenly 1919, p432). 
The Bryn Poeth ironstone is uncleaved and undeforrned and therefore 
preserves the best sediJoontary structures of all the ironstone 
localities in North Wales. The vertical sequence exposed is shown in 
Figure 2.4. Bedding at this locality strikes 2000 and dips 16Dw. In 
the lower part of the unit (Figure 2.4; section B) the base of the 
unit consists of clastic shales and feldspathic sandstones, with thin 
beds of charnositic mud-ironstone, all with sparse ooids. This grades 
up into a uni t with laminated silty chairositic mud-ironstone at the 
base into lenses of ooidal pack-ironstone or oncoidal float-ironstone 
in charnositic nud-ironstone. Cutting into this is a small channel 
infilled with a fining-up sequence (Figure 2.5). This is followed by 
two units, each approximately O.Sm thick, of basal laminated muddy 
siltstone to cham:::>sitic mud-ironstone, which grades up into ooidal 
pack-ironstone by increasing the thickness and frequency of the ooidal 
pack-ironstone lenses and decreasing the chanosite mud content. Each 
cycle is capped by a thin ooidal grain-ironstone, now strongly 
weathered, which has a number of erosional surfaces within it. 
The lenses of pack-ironstone in nud-ironstone plus the beds of 
pack-ironstone also contain detrital quartz and feldspar grains, not 
seen in the mud-ironstone. Graptolites and inarticulate brachiopods 
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Figure 2.5 Scour and fill structure in the top of a lense of 
pack-ironstone in chamositic mud-ironstone (Figure 2.4), Bryn Poeth 
[SH 6016 7958]. The base of the scour is marked by reworked 
phosphate nodules and oncoids, with mud and ooids infilling the 
remainder of the scour. 
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are found in this sequence and burrow mottling indicates some 
bioturbation of these sediments, although it is not suff icient to 
disturb the laminated sediments or the lenses of ooidal 
pack-ironstone. 
The top oncoidal float-ironstone in ooidal pack-ironstone (Figure 
2.4; section A) is litholO';Jically heterOCJenous, poorly sorted and 
contains early diagenetic siderite. Within it are thin (30cm) beds of 
fine-grained ooidal pack-ironstone, with a high detrital quartz and 
feldspar content. This ironstone sequence is succeeded by shales with 
diagenetic phosphate nodules (Figure 2.4;C). 
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2.3 LLYN 
Two ironstones are exposed in the Llyn Peninsula, at Trefor 
(Tremlett 1962) and in the St. Tudwals (Crimes 1969; Nicholas 1915). 
2.3.1 Trefor [SH 3715 4747 to SH 3671 4739] 
Little is published on the geology of the Trefor region, apart from 
studies by Trem1ett (1962) and Roberts (1979). The ironstone is 
exposed on the Trwn y Tal Peninsula. The sediments adjacent to the 
ironstones on the peninSUla are fine-grained laminated sandstones, 
siltstones and silty mudstones of possible Arenig age (Roberts 1979), 
although Trythall et ala (1987) assign a Llandeilo age to the 
ironstone based on acritarchs collected from mudstones and siltstones 
immediately adjacent to the ironstone. 
The eastern ironstone locality consists of two pits (Figure 2.6.a), 
but only the upper pit exposes ironstone (Figure 2.6.b). Bedding is 
near vertical striking ESE to WNW, and the beds young to the north. 
The southern wall of the pit is made up of cleaved chamositic 
mud-ironstone with abundant phosphate nodules. Slickenside planes and 
chloritic pressure solution seams cut through the mud-ironstone, and 
the phosphate nodules are broken up by quartz veins and by chloritic 
pressure solution seams. The back (west) wall of the pit exposes 
ooidal wacke-ironstone interbedded with laminated siltstones. The 
North Wall is canposed of oncoidal float-ironstone in ooidal 
pack-ironstone, and is cut up by numerous (now weathered) pyrite 
veins. Just above the north wall pale laminated muddy sandstones 
showing small-scale cross bedding are exposed. 
In the central part of the Trwn y Tal peninsula at the edge of the 
cliff (SH 3687 4741] is another ironstone working. This exposure 
consists of fault bounded blocks of oncoidal float-ironstone in ooidal 
pack-ironstone, where the faults are now filled with pyrite, with 
pyrite also disseminated wi thin the ironstone. Numerous slickenside 
planes and boudinaged quartz veins can be seen. 
The most westerly exposure of the ironstone [SH 3675 4739] consists 
of three parallel trenches, where the bedding strikes 2340 with 
vertical dip. The northerl1J'OC)st trench (the main exposure), where 
bedding youngs to the south, exposes 2m of oncoidal float-ironstone in 
ooidal pack-ironstone, with cleaved pale grey mudstones above the 
ironstone exposed along the south wall (Figure 2.7). The 
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a) 
b) 
Figure 2.6 The Trefor ironstone. a) The easterly ironstone exposure on 
the Trwn y Tal peninsula looking westward. Only the upper of the 
two pits [SH 3715 4747] exposes the ironstone. The westerly 
exposure of ironstone is on the left side of the photograph just 
over the rise of the hill. b) Details of the easterly exposure 
looking west, the younging sequence to the right (north), 1 nodular 
chamositic mud-ironstone, 2 ooidal wacke-ironstone interbedded with 
siltstone, 3 ooidal pack-ironstone strongly pyrite rich. 
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Figure 2.7 Trefor west pit [SH 3675 4739], facing westwards. Younging 
direction is to the left (south). 1 cleaved pale grey mudstones, 2 
oncoidal ooidal pack-ironstone. The right wall also exposes a thin 
oncolite bed (Figure 2.8) which is only intermittently exposed 
because of offset by faults. 
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float-ironstone is poorly sorted, containing stromatolite crusts and 
abundant variously shaped oncoids (Figure 2.8.a), which are composed 
of chamosite and phosphate lamellae around a chamositic core, and are 
up to 4an in size. A thin (lOem) oncolite bed is exposed at this 
'ij'
, : 
locality (Figure 2.8.b), with sane oncoids showing partial replacement 
of the chamosite by haematite. 'I 
! 
2.3.2 St. Tudwals [SH2984 2829 to SH30o'2 2714-.) 
In the St. Tudwals peninsula, Cambrian sediments are unconformably 
overlain by the Tudwals Sandstones, succeeded by the Llanengan 
Mudstones (Figure 2.9 and Nicholas 1915), both of hirundo Biozone age 
(Beckley 1987). These are unconformably overlain in tum, although 
with little apparent discontinuity, by the Hen dy Capel Ironstone and 
Pen y Gaer Mudstones (Crimes 1969). Originally this unconformity was 
interpreted as a thrust (Nicholas 1915), similar to that found at 
Tremadog (Fearnsides 1910). Similar tectonic disruption can be seen 
within the ironstones in both areas. TrythaI1 et ale (1987) assigned 
an age to this ironstone of early Middle Llandeilo at the base of the 
gracilis Biozone. The St. Tudwals region is bounded just to the north 
by a thrust zone (Crimes 1969; Roberts & Merriman 1985), where 
Tremadoc and Arenig sediments of different character to those found in 
the St. Tudwals region occur to the north of this thrust. 
The Pen y Gaer ironstone has been used as the key section for this 
area as it shows the least effects of tectonic disturbance. The 
ironstone sequence is exposed in two pits. A minimum thickness of 16m 
is estimated for this ironstone. The lower sequence is exposed on the 
side of the hill [SH 2984 2829]; the upper sequence of the ironstone 
is seen on the top of Pen y Gaer [SH 2992 2821] (Figure 2.9). Bedding 
in the lower sequence dips 400 to the northwest, although in an 
adjacent ironstone pit also exposing the lower part of the ironstone 
sequence the bedding is vertical and youngs toward the southeast. 
However by studying way-up structures, the ironstone sequence can be 
derronstrated to be overturned. The cleavage is steeper than bedding 
(Figure 2.9) dipping to the southeast, which is axial planar 
associated with the NNE to SSW open folding in the area (Criroos 1969). 
Therefore there must have been a phase of folding without cleavage 
first, either slump folding or other deformation, possibly related to 
thrusting to the north of St. Tudwals. 'Ibis was then followed by 
caledonian open folding with an axial planar cleavage. 
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a) 
b) 
Figure 2.8 Trefor west pit. a) oncoidal ooidal pack-ironstone showing, 
top centre, a large phosphate nodule (white) with loosely packed 
ooids, and also oncoids with interlaminated chamosite (dark) and 
phosphate (white). b) oncolite bed composed of partially haematised 
chamosite oncoids. 
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In the lower sequence, the disturbed beds (Figure 2.9) are of 
particular interest. They consist of a variety of rock types, 
including ooidal wacke-ironstones, cleaved pale grey mudstones, lenses 
of oncoidal pack-ironstones and silty mudstones. The latter contain 
reworked and broken ooids and phosphate nodules, ripped-up rafts of 
charrosi te mud, ripped up and deformed laminated silty mudstones and 
volcanic clasts, all suggesting a debris flow deposit. Ironstone 
containing volcanic clasts in a debris flCM is also exposed 600m to 
the south next to Craigfryn Farm [SH 2971 2766]. Throughout this lower 
sequence the ooids and phosphate nodules in the ironstones show strong 
evidence of having been reworked and broken, and some of the 
pack-ironstones take on a flaggy nature. The upper part of the 
ironstone sequence, exposed on the top of Pen y Gaer, is a thick, 
massive and poorly sorted ooidal oncoidal pack-ironstone containing 
abundant phosphate nodules. The ironstone is brown on exposed 
surfaces, due to weathering of siderite within the ironstones. 
Half way between the Pen y Gaer and Hen dy Capel ironstone exposures 
lies the Llanengan quarry [SH 2947 2731]. Exposed on the western side 
of the quarry is bedded ooidal pack-ironstone, with the bedding 
dipping towards the east. On the eastern side is massive ooidal 
pack-ironstone. 
A marked facies change is apparent between the Pen y Gaer and Hen dy 
Capel exposures. At Hen dy Capel [SH 3002 2714-] the ironstone consists 
of rretre thick lenses of reworked or slurrped ironstone, containing 
charrositic stromatolite crusts and abundant oncoids, within slumped 
and deformed mudstones containing ripped up sedirrentary clasts (the 
'crushed shales' of Nicholas 1915). These changes occur along strike 
toward a major north-south trending fault (Figure 2.9). The ironstone 
does not occur on the other side of this fault. 
iiiI 
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2. 4 SR)WOONIA 

A number of ironstones of differing ages are exposed in Snowdonia, 

al though there is still uncertainty as to the ages of the Aber and 
Rhyd ironstones. Of these ironstones, only Llandegai is no longer 
exp:>sed. 
2.4.1 Llandegai [SH 5984 7004] 
The Llandegai ironstone lies low in the Nant Ffrancon Formation 
(Howells et ale 1985), which has the Arenig Graianog Sandstone at its 
base. However, acritarch ages, canbined with published graptoli te 
faunas (Greenly 1944), for this ironstone place it in the Llandeilo 
(Trythall et ale 1987). Greenly (1944) reported that murchisoni 
biozone graptolites were missing fram this region, implying a 
stratigraphic hiatus beneath the ironstone. 
The Llandegai ironstone is no longer exposed, as the pit was filled 
in during the construction of the ASS Bangor Bypass. Logs of this 
section are given by Strahan et ale (1920) and the British Geological 
Survey (BGS) on 1:10,000 field slips. The log below is taken fran BGS 
field slips: 
Oolitic ironstone, dark grey, coarsely pisolitic at base 3.90m 
Oolitic ironstone, dark grey and red, thinly bedded 0.23m 
Oolitic ironstone, dark grey, fine grained O.53rn 
Mudstone, pyritiferous, pyrite nodules O.28m 
Siltstone, with thin oolitic ironstone bands 3.00m 
2.4.2 Aber [SH 6689 7243 to SH 6789 7294] 
Little is known of the geology of the Aber region. The most recent 
work was by Davies (1969), who described the ironstone as occurring at 
the base of the gracilis Biozone at the base of the caradoc, although 
no fauna have been found in this region. Recent work by the BGS 
(Reedman et ale 1983) describe the ironstone as occurring low in the 
Nant Ffrancon Fonnation above the Arenig Graianog Sandstone. 
Acritarchs collected fran this ironstone proved to be inconclusive in 
determining its age (Trythall et ale 1987). The Aber ironstone has 
been defonned and has undergone hydrothermal alteration. Strahan et 
ale (1920) attributed the intermittent exp:>sure of the ironstone to 
strike faults. Subsequent mineralisation has been concentrated along 
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these fault planes and this relationship is best shown in the western 
pit at Aber (Figure 2.11). 
The ironstone in the Aber region is intennittently exposed for 1km 
(Figure 2.10). Three pits are exposed along strike at Aber and one pit 
at GorddinOQ'. The general sequence of the ironstone is difficult to 
determine as the contact between different rock units are tectonic not 
sedimentary. However, all three exposures at Aber show the same 
general sequence. To the south of each pit, but exposed within the 
western pit [SH 6689 7243], are cleaved pale grey mudstones that 
strike 0420 and dip 8405. In the western pit these cleaved mudstones 
have quartz injected along the cleavage planes. 
Ooidal wacke-ironstones are exposed on the southern edge of each 
pit. In the western pi t the contact between this and the cleaved 
nmudstones, and this and the ooidal grain-ironstone, can be 
demonstrated as faulted and mineralised (Figure 2.11). The majority of 
the exposure in each pit is of the upper facies of the ironstone, 
which is generally a pale grey colour with a thin dark brown 
weathering rim around fresh samples. This are predcminantly ooidal 
grain-ironstones, but with some ooidal pack-ironstones. In the eastern 
pi t [5H 6699 7256] this unit is cut through by quartz veins and is 
mineralised, with the zones of mineralisation now weathered. In the 
tips next to the exposures, fresh samples of sulphide mineralisation 
are found, which consist of 'balls' of pyrite replacing the 
pack-ironstone (Figure 2.l2). The ooidal grain-ironstone fran the 
central pit [SH 6693 7245] shows evidence of thin beds with differing 
ooid grain-size. Cleaved pale grey mudstones occur on the northern 
side of each pit. In the western pit the mudstones are seen in contact 
against the ooidal grain-ironstone, which is faulted and mineralised. 
The Gorddinog ironstone [SH 6789 7294] is only a small working. The 
entrance exposes cleaved mudstones. At the end of the trial is the 
exposure of ironstone with abundant oncoids and stromatolitic crusts, 
but it is now extensively pyritised. 
2.4.3 Northern Snowdonia [SH 6773 6496 to 6114 5801] 
This ironstone is considered here as one horizon, although it is 
exposed intermittently along strike for approximately lOkm. It always 
occurs at the top of the Nant Ffrancon Formation just below the base 
of the Llewellyn Volcanic Group and has been traditionally regarded as 
basal caradoc (Howells et a1. 1985). Evans (1968) considered the 
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Figure 2.10 Geology of the Aber region (after BGS 1:10,000 field 
slips) showing the location of the Aber and Gorddinog ironstones. 
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a) 
b) 
Figure 2.11 Aber west pit [SH 6689 7243] a) photograph looking 
northeast showing the faulted nature of the contact between units. 
1 cleaved mudstones with quartz injected along the cleavage, 
faulted against 2 ooidal wacke-ironstone, faulted against 3 ooidal 
grain-ironstone, this contact being mineralized (lower photograph) 
and weathered. The grain-ironstone is then faulted against 4 
cleaved mudstones. 
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Figure 2.12 Pyrite 'balls' in the Aber ironstone. The rock is ooidal 
grain-ironstone and overgrowing this is massive pyrite, and faint 
traces of ooids can still be seen. 
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ironstones at Cwm Caseg [SH 6773 6496], CWm Llafar [SH 6544 6424] and 
next to the AS road [SH 6429 6224] all one horizon. The ironstone is 
oolitic, but also pyrite rich. At Cwm Caseg, sporadic ironstone 
exposures occur at the base of the back wall of the cwm., next to the 
lake, within intensively cleaved mudstones. At the AS, there is a 
cutting just to the east of the road, but the exposure is strongly 
weathered. Three metres of fresh pyrite-rich oolitic ironstone are 
exposed just to the west of the road. At Bwlch y Cywion [SH 6404 
6125], charnositic mud-ironstone and ooidal pack-ironstone occur 
adjacent to the Bwlch y Cywion microgranite. The ooidal pack-ironstone 
is now partially replaced by magnetite. In the Llanberis valley, the 
BGS (1985a) record a magnetite-rich ironstone, adjacent to a rhyolite 
intrusion. Exposures of the ironstone [SH 6114 5801] show the features 
of a ferruginous debris flow. 
2.4.4 Betws Garmon [SH 5318 5684 to 5453 5802] 
Until recently, the Betws Garmon ironstone and adjacent sediments 
were thought to be of Cambrian age. However, Reedman et ale (1983) 
have sha"m that the sequence containing the ironstone is Ordovician 
(the Nant Ffrancon Formation). Acritarchs collected from the ironstone 
(Trythall et ale 1987) indicate a Lower or Middle Llandeilo age. The 
base of the Ordovician here is marked by the the Arenig Graianog 
Sandstone (Figure 2.13). Trytha11 et ale (1987) have suggested that a 
Llandeilo ironstone above Arenig sediments indicates the presence of a 
stratigraphic hiatus beneath the ironstone. 
The principle feature of interest at Betws Garmon is the sedbnentary 
thickening of the upper ooidal pack-ironstone toward the northeast, 
while toward the southwest the ironstone thins out entirely. The lower 
mud supported units are lithologically variable, but always grade up 
into the ooidal pack-ironstone, which is well sorted and contains no 
oncoids. The top of the ironstone is abrupt and marked either by 
cleaved mudstones, phosphatic oncoidal mudstones or intensely 
weathered shales (because of their high sulphide content). However, 
the ooidal pack-ironstone facies only now contains magnetite (Figure 
2.14) • Magnetite replacement does not occur in the pack-ironstone 
exposures to the south of the MOSS road. Subsequently the ironstone 
has also undergone hydrothermal alteration, indicated by quartz, 
siderite and pyrite veins, the pyrite veins now strongly weathered. 
At locality 1 (Figure 2.l3), just beyond Ystrad Farm, the bedding 
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Figure 2.14 Magnetite ooidal pack-ironstone, locality 1 Figure 2.14, 
Betws Garmon. 
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strikes 2560 and dips 440 E. A full ironstone sequence is exposed, 
being abruptly succeeded by strongly weathered mudstones. Bedding at 
locality 2 (Figure 2.13) is vertical. Pyrite replacerrent is Imlch 
stranger at this locality, both in the ooidal pack-ironstone and the 
underlying muddier units. At locality 3 (Figure 2.13) the bedding dips 
steeply to the southeast where the ooidal pack-ironstone has increased 
in thickness from 2m to 4m. Further up the hill the bedding becomes 
less steep, to about 450 southeast I and the ooidal pack-ironstone 
continues to thicken to 5-6m (Figure 2.15). 
At locality 4 to the south of the A4085 (Figure 2.13), just south of 
the track between Hafod y Wern and Tyddyn Bach Farms, bedding is 
vertical. The ooidal pack-ironstone contains no magnetite and is 
strongly sideritic due to hydrothermal alteration, with associated 
pyrite. Locality 5 (Figure 2.13), 200m further to the southwest, is 
the last ironstone exposure; further up the hillside the ironstone 
cannot be traced. 
2.4.5 Trernadog [SH 5442 4099 to SH 5680 3929] 
In the Tremadog region, the ironstone occurs intermittently along 
strike for 3km as a series of small workings from Tyddyn Deucwm [SH 
5442 4099] to Ynys Galch [SH 5680 3929], with the principle iron mine 
at Tremadog [SH 5527 4028] (Figure 2.16), which is of basal Caradoc 
age (TrythaI1 et ale 1987). In this region Cambrian sediments crop out 
to the south of the ironstone and it was originally thought 
(Fearnsides 1910) that thrusting had carried Caradoc sediments, 
with the ironstone near the base, over the Cambrian strata. However, 
Smith (1987) has shown that no thrusting has occurred, and that the 
tectonic features noted by Fearnsides (1910) can be explained by 
slumping of semi-lithified sediment induced by tectonic disturbance. 
The general dip of the rocks in this region is 200 -300 to the north 
west. The lowest rocks are exposed on the southern side of the 
TremadOJ mine. They comprise cleaved pale grey mudstones that show 
small-scale slump folding, overlain by 'disturbed' float-ironstones in 
ooidal wacke-ironstones (Figure 2.17.a). The latter contain rip-up 
clasts (Figure 2.18.a) and lenses of reworked phosphate nodules, which 
are rounded and elongate parallel with bedding (Figure 2.l8.b). 
Oncoids (Figure 2.17 .b) and reworked charrositic stromatolites are 
CCllllDn in this facies. In situ strcmatoli tes are seen 250m away at 
Pensyflog [SH 5619 3958]. 
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Figure 2.15 Ironstone pillar, Betws Garmon, showing the thickest 
development of the pack-ironstone in the northeast exposures of 
Betws Garmon. The ore mined is magnetite ooidal pack-ironstone, and 
the ore was hard enough to be left as support pillars for the 
stope. Above the pack-ironstone (hangingwall) is strongly weathered 
mudstone and below (footwall) are wacke-ironstones and 
mud-ironstones. 
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Figure 2.17 Trernadog [SH 5527 4028]. a) ooidal wacke-ironstone showing 
., 'chamosite ooids in a darker muddy and silty matrix. b) large :: 
. 
dumbell shaped oncoid in ooidal wacke-ironstone composed of ~ 
alternating laminae of chamosite (dark) and phosphate (white). 
-57­
Figure 2.18 Tremadog [SH 5527 4028]. Disturbed silicic phosphatic 
float-ironstones in ooidal wacke-ironstones showing a) lenses of 
reworked phosphate nodules and b) reworked clasts, nodules and 
oncoids. 
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The upper ooidal pack-ironstone, now virtually mined out, has been 
broken and rotated into 'pods' during slumping (Figure 2.19), with 
mudstone injected in between the pods. This pack-ironstone has been 
extensively replaced by magnetite, with some pyrite. Large quartz and 
dolomite veins, with strongly weathered veins of pyrite, cut the 
mudstones between the 'pods' (Figure 2.19). However, at PensyflO'J an 
ooidal grain-ironstone is exposed, which has not been partially 
replaced by magnetite. 
2.4.6 Rhyd [SH 6285 4093 to SH 6306 4118] 
The Rhyd ironstone (Pen yr AlIt - weinberg 1973, pulfrey 1933a) is 
similar to Tremadog in that it is caught up in a sedimentary melange 
(Smith 1987). The age of the Rhyd ironstone is uncertain, although it 
is possible that it is at the same stratigraphic level as the Tremadog 
ironstone. The Rhyd ironstone occurs within the metamorphic aureole of 
the Tan y Grisiau microgranite, which has caused spotting of sediments 
adjacent to the ironstone (Bramley 1969, 1963). 
Two ironstone pits are exposed 300m along strike from each other [SH 
6285 4093 & SH 6306 4118]. The pits [SH 6285 4093] are either faulted 
blocks or ironstone 'pods' in the melange. The entrance to the more 
western pit exposes hornfelsed shales, followed by a volcaniclastic 
debris flow, occurring just below the ironstone. Within both pits on 
the south wall are ooidal wacke-ironstones, which in the eastern pit 
are spotted, followed by approximately 4m of ooidal pack-ironstone. In 
the eastern pit towards the top of this unit the ironstone becomes 
strongly weathered, and was originally sulphide-rich. The north Wall 
of both pi ts exposes cleaved pale grey mudstones occurring above the 
ironstone. 
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Figure 2.19 The main ironstone exposure at Tremadog facing south [SH 
5527 4028]. The ooidal pack-ironstone was broken and rotated into 
pods which are now mined out and three such pods are shawn (p). 
Mudstones were injected in between the pods and were also 
mineralised and weathered. 
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2.5 CAD..lUR lDRIS AND 'mE ARANS 
The geology of the Cadair Idris area has been outlined by Cox (1925) 
and Ridgway (1976). The age of the ironstone is uncertain as no 
acritarchs have been found (Trythall et a1. 1987) but is thought to be 
of Lower L1andeilo age (COx 1925). The ironstone is exposed on the 
northern slopes of Cadair ldris within a sequence of cleaved pale grey 
mudstones (the Llyn y Gadair Mudstones) which overlie a thick sequence 
of spilitic pillow lavas and ashes (Figure 2.20). The ironstone varies 
markedly in thickness across the Cadair Idris range (Figure 2.20), 
thickest in the east where no oncoids occur and average ooid size is 
small, and thinnest in the west where oncoids are abundant and 
detri tal quartz grains occur. This is canplemented by the Llyn y 
Gadair Mudstones which thin eastwards towards Cross Foxes (Davies 
1956). Further west, the ironstone is absent until the Llanegryn Fault 
where on its west side some 50ft of 'oolitic and nodular' beds occur, 
at the same stratigraphic level as the Cadair Idris ironstones (Jones 
1933). 
2.5.1 Ffordd Ddu [SH 6477 1283] 
The base of the sequence at Ffordd Ddu is exposed on the hillside 
above the pit, where cleaved pale grey mudstones rest on spilitic 
lavas (Figure 2.20; Figure 2.21). Bedding strikes 0680 and dips 360S. 
Above these mudstones are oncoidal charrositic mud-ironstones (Figure 
2.22) containing detrital (2-3mm) quartz grains, lateral equivalents 
of the ooidal pack-ironstone exposed within the pit (Figure 2.20). Due 
to a small fault parallel to the strike, the spilitic lavas are 
repeated just above the ironstone pit, and the majority of the 
exposure within the pit is of cleaved pale grey mudstones, gradually 
darkening upwards into charnositic mud-ironstones. Thin beds of ooidal 
pack-ironstone are exposed at the top of the sequence on the west side 
of the pit. 
2.5.2 Foxes Path [SH 7104 1378] 
Here a large thickness of nodular ch.aIoositic mudstones occur below a 
sulphide-rich ooidal ironstone, now strongly weathered (Figure 2.20). 
This alteration of the ironstone may be due to the intrusion of the 
granophyre above the ironstone (Figure 2.23). 
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Figure 2.21 The Ffordd Ddu ironstone exposure [SH 6477 1283]. The top 
of the hill is spilitic lavas (b) and just below is the contact 
with the cleaved pale grey mudstones (m); below again are oncoidal 
mud-ironstones (0). The strike of the rocks is left to right with 
the dip toward the camera (south). A strike fault just above the 
ironstone pit repeats the sequence with spilitic lavas occurring 
just above the pit. The exposure within the pit is mostly of 
cleaved mudstones, which darken upward into chamosite mud-ironstone 
(c). Ooidal pack-ironstone (i) is exposed on the very left of the 
pit. 
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Figure 2.22 Oncoidal chamositic mud-ironstone, Ffo~d Ddu [SH 6477 
1283]. Large irregular oncoids in mud-ironstone, the oncoids are 
composed of interlaminated chamosite (dark) and phosphate (light). 
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Figure 2.23 The Foxes Path [SH 7104 1378] exposure, the rocks strike 
from left to right and dip away from the camera (south). The 
hummocky terrain in the centre is the spilitic lavas below the 
ironstones (s). To the left of the terminal moraine is exposure of 
oolitic ironstone (i) followed by cleaved mudstones. The escarpment 
behind is a large granophyre intrusion (g). At the top just to the 
left in cloud is the summit of Cadair Idris - Pen y Gadair (893m). 
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2.5.3 Bwlch Cach [SH 7495 1557] and Cross Faxes [SH 7597 1639] 
In the eastern part of the Cadair Idris range, the ironstone is 
exposed intermittently fram 600m west of Bwlch Coch [SH 7451 1517] to 
Cross Foxes. The section for this eastern region is taken fram Bw1ch 
Coch, where the exposure is rrost complete (Figure 2.20). Th.e feature 
of interest at Bwlch Cach is the cleaved charnositic mud-ironstones 
just above the pit which contain phosphate nodules elongate to bedding 
at an angle to the cleavage (Figure 2.24). At Cross Foxes the bedding 
dips at 50-700 towards the southeast. Strongly weathered shales just 
above spilitic lavas lie below approximately 7m of fine-grained 
oolitic pack-ironstone (average ooid. size 0.25mm). Oncoids and 
detrital quartz grains are absent. In the eastern part of Cadair Idris 
a dolerite sill has metasomatised adjacent sediments (Davies 1956) 
including the Cross Foxes and Bwlch Cach ironstones. The upper ooidal 
pack-ironstone only now contains magnetite. 
2.5.4 Llanegryn [SH 5791 0389 to 2947 2731] 
The geology of the L1anegryn area has been outlined by Jones (1933), 
who described the ironstones as the 'oolitic and nodular beds'. 
Exposure of the ironstone is very poor, (limited to sporadic outcrops 
fram [SH 5791 0389] to (SH 2947 2731]) and restricted to fine-grained 
ooidal wacke-ironstone with phosphate nodules. 
2.5.5 Tyllau Mwn [SH 8441 2054] 
The geology of the Aran mountains has been described by Thmkley 
(1978). Th.e age is uncertain, although on lithological correlations 
with the Cadair- Idris region it is placed in the U.Llanvim (D.mkley 
1978). The ironstone at Tyllau Mwn is exposed in three pits along 
strike and is a magnetite-rich ooidal pack-ironstone with limited 
exposures of other ferruginous beds lying adjacent to volcanic 
deposits. 
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Figure 2.24 Nodular chamositic mud-ironstone, Bwlch Coch [SH 7495 
1557]. Bedding dips steeply to the left (southeast) and the 
phosphate nodules are elongate parallel to bedding. Cleavage is 
vertical but does not cut through the nodules, because of their 
rigidity. 
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3 SEDIMENrARY CHARACTERISTICS OF THE IRONS'l'OOFS 
Despite low-grade regional metamorphism and development of a 
penetrative cleavage, numerous sedimentary features of the ironstones 
can be observed or inferred. Previous ideas on the sedimentation of 
the North Wales Ironstones have been published by Weinberg (1973) and 
Pulfrey (1933). This chapter seeks to expand upon a discussion of the 
depositional controls of the mid-ordovician North Wales Ironstones 
which has already been published (Trythall et ale 1987). 
3.1 GRAIN TYPES OF THE IRONSTONES 
The mid-Ordovician North Wales Ironstones are typical of Phanerozoic 
Ironstones, being fOC)stly canposed of berthieroid (chamosite) ooids. 
Ancillary types of ferruginous allochems in the ironstones are 
peloids, oncoids and stranatolites. Ooids and oncoids are divided 
purely on rrorphological grounds (Section 1.5.2) although by 
implication oncoids are of algal/bacterial/fungal origin. Despite the 
overwhelming abundance of ferruginous allochems in the ironstones, 
there are also other grain-types of significance present, principally 
quartz grains. In thin section ooids, oncoids and peloids are 
predominantly green in colour, indicating ferrous chamosite. Some 
laminae or a1l of the ooids Tray now be a brown colour, indicating 
oxidation to a more ferric chamosite. The original mineralogy of all 
ooids in the North Wales Ironstones was chamosite (berthierine). Now 
they may be partially or wholly replaced by silica, siderite, 
magnetite, pyrite, haernatite and goethite, which will be detailed in 
Chapters 4 and 5. Additionally, EPMA analyses have detected traces of 
quartz and apatite within ooids and these phases were most likely 
mobilized during diagenesis (Chapter 4). 
3.1.1 Peloids 
Peloids occur tn::)st camronly as nuclei to ooids (Figure 3.1) at all 
ironstone localities, although they may be found as grains in the 
matrix (Figure 3.6), and vary fran O.lmm to O.3nm in size. They are 
composed of green fine-grained chamosite. The chamosite in peloids has 
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Figure 3.1 Photomicrograph a) plane polarised light b) crossed 
polarised light, chamosite ooidal chamositic pack-ironstone, 
Cadair Idris [SH 7606 1652]. Typical chamosite ooids showing 
concentric laminations around a peloidal nucleus. In crossed 
nic ols the extinction cross shown by the ooids indicates the 
tangential orientation of the chamosite. Peloidal nuclei show up 
as having no orientation. Scale bar = lrnm. 
.. 
:~ 
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no preferred orientation as it does not show an extinction cross. 
3.1.2 Ooids 
Ooids in the mid-0rdovician North Wales Ironstones are composed of 
a nucleus surrounded by chamosite laminae. The most cammon nuclei are 
chamosite peloids. Detrital quartz grains are also common as nuclei. 
These are usually angular quartz grains showing undulose extinction 
(Section 3.1.6), but within a well-rounded ooid. Detrital quartz 
grains are present as nuclei only when they are also present in the 
matrix. The exception is in reworked ironstones (eg Pen Y Gaer) where 
quartz grains form the nuclei to ooids but do not occur in the matrix. 
Other rrore rare nuclei are pelletal phosphate, phosphate fragments, 
broken ooids, and sponge spicules. The latter two are coated by 
laminae of chamosite, but this coating has not rounded the grain 
(Figure 3.2). These other types of nuclei are more commonly found in 
the Anglesey and LlYn ironstones. 
The laminae of the ooids are fine-grained green chamosite. All ooids 
ShCM an extinction cross in crossed nic 015 (Figure 3.1), indicating 
tangential orientation of the clay flakes around the nucleus. The ooid 
chamosite laminae are defined by thin dark layers (Figure 3.2). This 
is best seen at Ffordd Ddu where ooids have been partially dissolved 
and the dark layers concentrated along solution seams (a 
microstylolite). The most likely suggestion for this material is that 
it is organic carbon. Weinberg (1973) has shown that the North Wales 
Ironstones contain an average of 0.3% non-carbonate carbon. It is most 
probable that this carbon would define the chamosite laminae of 
ferruginous ooids. Organic material defining laminae is corrrron for 
calcareous ooids (Bathurst 1975). Hughes (1989) has now suggested the 
same for ferruginous ooids. 
Most ooids are spherical or subspherical in shape although ooids may 
be defonned or broken. Deformed ooids (spastoliths) occur either 
around diagenetic phosphate nodules or in the wacke-ironstones and 
mud-ironstones. Deformed ooids that occur around diagenetic phosphate 
nodules are described in Section 4.2. Spastolithisation in the 
wacke-ironstones and mud-ironstones occurs as flattening of ooids 
parallel wi th bedding, indicating burial canpaction (Figure 3.3). 
Broken ooids occur in slumped semi-lithified material (eg Pen y Gaer), 
where the two most common ways that ooids break are along laminae or 
by breaking up into wedge shaped pieces (Figure 3.4). They may also 
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Figure 3.2 Photomicrograph, ooidal pack-ironstone, LP22A Pen y Gaer, 
[SH 2990 2821]. Sponge spicule coated by chamosite laminae 
demonstrating the rounding effect by the laminae. The central 
canal of the spicule on the right hand side can be shown to be 
infilled by chamosite mud before the spicule was coated. The 
darker thin layers defining the chamosite laminae are most likely 
organic carbon. Scale bar = lrnm. 
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Figure 3.3 Photomicrograph, ooidal pack-ironstone, YF-X Betws Garmon 
(loose grab sample). Spastoliths within muddy lenses of the 
pack-ironstone. These ooids were deformed during burial compaction 
and their shape and their indentation on one another indicate 
their plastic nature. Scale bar = lmm. 
-72­
~ 
:1'.:ri 
~ ~ 
i
'. ~ 
Figure 3.4 Photomicrograph, disturbed bed, LP20A Pen y Gaer [SH 2984 
2829]. Broken ooid in a disturbed bed (Figure 3.18) showing 
brittle breakage of the ooid during slumping of the sediment, in a 
muddy silty matrix. Within the matrix also occur thin strips of 
chamosite lamellae that have broken off other ooids. Scale bar = 
()·lrnnl. 
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occur in pack-ironstones, where in the Anglesey and LlYn ironstones 
they may be subsequently recoated by chamosite laminae. Ooids in the 
grain-ironstone frcm Pensyflog (near Tremadog) show splay textures 
(Figure 4.l2.a), where ooids have been broken during compaction of the 
grain-supported sediment. 
1bese features indicate that the ooids sorre mechanical cohesion 
during deposition and burial. Spastolithisation in ruddy sediments 
indicate that the ooids were originally in a plastic state. This was 
due to the high water content in the original clay mineral within the 
ooid, which could not rapidly dewater in a muddy sediment. Broken 
ooids indicate that with maturation (dewatering) the ooids became more 
brittle and in a high energy environment can become broken, either in 
slumped material or during strong water agitation. Broken ooids are 
found in disturbed beds and pack-ironstones. Broken ooids have been 
found in the Frodingham ironstone, interpreted as occurring in a 
barrier bar environment (Knox & Fletcher 1989). 
Generally ooids are larger (average ooid size O.5mm) than the 
associated quartz grains (average size O.2nm). This indicates they 
were hydrodynamically lighter than quartz grains, even though 
chamosite is the denser of the two minerals. This implies that ooids 
had a high initial water content. A similar disparity in size between 
goethite ooids and quartz grains has been reccgnised fran Miocene 
ooli tic ironstones from northeastern Colombia (Jarres & Van Houten 
1979) • 
3.1.3 Oncoids 
The presence of ferruginous oncoids are an important and distinctive 
feature of the mid-ordovician North Wales Ironstones. These oncoids 
have previously been recognised as organic structures (Hallimond 1925; 
Cullis in Pulfrey 1933a; Jones in Pulfrey 1933a). Ferruginous oncoids 
have only been recorded from one other British Phanerozoic Ironstone, 
the Frcrlingham Ironstone (Knox & Fletcher 1989). However, within the 
Ordovician North Wales Basin, oncoids are not restricted to the 
ironstones. Morphologically identical structures (Bolopora undosa ­
Hoffman 1975) are found in the basal beds of the Arenig. These are 
predominantly phosphatic, but with sane chloritic (?chanositic) 
laminae. 
The oncoids in the North Wales Ironstones are morphologically 
distinct from ooids. They grow to much larger sizes, the laminae are 
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Figure 3.5 Top - Photograph of thin section, oncoidal rud-ironstone in 
ooidal pack-ironstone, LP73A Trefor [SH 3672 4739]. Chamositic 
oncoids from the onco1i te bed, now showing partial replacement by 
haematite (dark). Scale in rom. Bottom - Photomicrograph, oncoidal 
wacke-ironstone, YF-B Betws Gannon (loose grab sample). Charrositic 
(dark) and phosphatic (white) oncoid, showing growth around a 
previous oncoid. This is within a phosphate nooule where the 
groundmass is phosphate but opaques are sulphides and iron oxides. 
Scale bar = O.5mm. 
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carnm:>nly mammilated and discontinuous, and sane oncoids show a 
multiphase growth history. The nuclei for oncoids are either 
charrosite, phosphate or an earlier oncoidal structure. There is a 
range of mineralogical compositions of the oncoids, from purely 
charoositic to interlaminated charrosite and phosphate (Figure 3.5). 
Purely phosphatic oncoids have not been found, although some are 
predominantly phosphatic with only minor chamosite. 
The majori ty of the oncoids have a concentrically laminated 
spongiostramate fabric with only minor porostramate fabric. The 
thickness of the spongiostramate laminae are relatively uniform around 
the oncoid (Figure 3.5). Some oncoids have both spongiostranate and 
porostranate fabrics and these have rore uneven laminae thicknesses 
around the oncoid. Fenestrae wi thin the porostranate fabric are now 
mineral infilled (siderite, silica, phosphate, chaoosite). Oncoids 
wi th a predominantly spongiostranate fabric have a maximum size of 
approx~tely 2cm and are spherical/subspherical to elongate in shape. 
Those oncoids with both sp:mgiostramate and porostromate fabrics are 
larger ( up to 10em in size), show more irregular shapes (including 
dumb-bell shaped - Figure 2.17), and can have a 'cauliflower' 
structure or have 'buds' growing fran them (Figures 3.6, 3.7). 
Oncoids are found at virtually all ironstone localities, usually 
within the mud-supported ferruginous facies. However, the Anglesey and 
LlYn upper grain-supp::>rted ironstone facies also contain oncoids. 
Oncoids which are spongiostramate and subspherical to elongate 
predominantly occur in pack-ironstones, float-ironstones and 
pack-ironstone lenses in mud-ironstone (Figures 3.6, 2.8.a). Those 
which are both spongiostrorna.te and porostranate with nore irregular 
shapes predominantly occur within mud-ironstones (Figures 3.6, 2.17), 
disturbed beds and within or adjacent to stromatolites. 
3.1.4 Stromatolites 
Stranatolites are much less canrron. They are distinguished fran 
oncoids in that they are found as in situ mat-like crusts, or as 
endolithic encrustations on allochems. Their laminae are 
morphologically identical to oncoids, they are canposed fOC)stly of 
porostromate fabric, and they are predaminantly chanositic, although 
some in si tu stromatoli tic crusts are also phosphatic. l!:! si tu 
stromatolitic crusts have only been found at Gorddinog (Aber) (Figure 
3.8) and Pensyflog (Trema.do;;1). o:>ids and oncoids are ccmronly trapped 
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Figure 3.6 Photograph of thin section, ooidal oncoidal 
wacke-ironstone lense in an oncoidal chamositic mud-ironstone, 
SN14a Betws Gannon [SH 5433 5778]. Oncoidal lanse in a chanosi tic 
mud-ironstone. Oncoids are both phosphatic (white) and chamositic 
(dark). Also present are ooids and peloids in the lense. There is 
a strong difference of oncoid type with facies. Oncoids in the 
lense are small, subspherical and regular. The oncoids in the 
chamositic mud-ironstone beneath are larger and irregular. 
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Figure 3.7 Photograph of thin section, oncoidal ooidal wacke-ironstone 
Tremadog [SH 5527 4028]. Detail of a dumbell shape oncoid (figure 
2.17), with chasmositic laminae defined by darker organic carbon. 
Same fenestrae are present within the porostromate fabric. Scale 
bar = 5mm. 
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Figure 3.8 Photograph of thin section, Bind-ironstone, SN20A Gorddinog 
(Aber) [SH 6789 7294]. The bottom half of the photograph is a 
chamositic and phosphatic stromatolite, the opaque parts are 
mineralised by pyrite. The upper half is a more chamositic muddy 
encrustation, trapping irregularly shaped chamositic oncoids, 
which show 'budding I and •cauliflower' structures. 
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Figure 3.9 Top - Photograph of thin section, float-ironstone in an 
ooidal wacke-ironstone, LP57C Hen dy Capel [S8 3002 2714]. 
Stromatolitic encrustation around a ?sponge. The stromatolite is 
chamositic with abundant fenestrae. Bpttam - Photograph of thin 
section, oncoidal ooidal float-ironstone in an oncoidal ooidal 
pack-ironstone, LP68F Trefor [S8 3715 4747]. Stromatolitic 
encrustation of a clast of chamositic mud. The stromatolite is 
both phosphatic and chamositicand is now partially haematised 
(black) • 
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within these structures, which tend to be fenestral. Endolithic 
encrusting strcrnatolites are particularly evident in the Llyn 
ironstones, fonning around sponges, broken phosphate nodules and other 
clasts (Figure 3.9), but are also found at Ffordd IXiu. Ripped-up 
stromatolite crusts are seen in the disturbed LlYn ironstones and Aber 
pack-ironstones. 
3.1.5 Other Algal Structures 
Other algal structures have been seen in sane ironstones. Rod and 
tube structures, of probable organic origin composed of chamosite and 
silica, occur in the Ffordd Ddu ironstone. Girvanella tubes have been 
identified in the Pen y Gaer ironstone (St. Tudwa1s) within phosphatic 
nodules, and also from the Llandegai ironstone (Pulfrey 1933a). 
Hallimond (1925) identified algal borings in ooids from the Llandegai 
ironstone. 
3.1.6 Detrital Quartz 
The Bryn Poeth, Trefor, St. Tudwals, Tremadog and Ffordd Ddu 
localities all contain detrital quartz grains in the ironstone 
sequence (Appendix 2). At Bryn Poeth, Trefor and St. Tudwals detrital 
quartz also occurs in the upper pack-ironstones or float-ironstones. 
Detrital quartz grains found within the ironstone sequences very 
commonly show strongly developed undulose extinction in crossed 
nicols. They are JOOst ccmronly angular silt- fine sand-sized grains .. 
However, well rounded quartz grains with no undulose extinction are 
also seen, and may occur adjacent to deformed quartz grains .. This 
indicates that deformation of quartz grains did not occur within the 
ironstones i they are detri tal ercded from a met:aoorphic or possibly 
acid plutonic terrane. 
Visible detrital rutile grains (identified by EPMA) only occur 
within ooids at Bryn Paeth. Visible detrital zircon grains have only 
been identified from within the nuclei of a chamosite ooid fran Bryn 
Paeth. The Bryn Poeth ironstone also has a high detri tal feldspar 
content, which fran XRF analyses shows it to be a scrlic feldspar 
(albitic) • 
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3.2 SEDIMENTARY TEXTURES AND STRDcrtJRES 
In the previous chapter the sedimentary features of the North Wales 
Ironstones seen in the field were detailed. In this section 
sedimentary textures and structures seen in thin section are described 
in relation to those features already mentioned. The bulk of 
observations are fran the Bryn Paeth locality, where a pervasive 
cleavage has not affected the original sedi.rrentary structures. These 
observations are supported by similar textures seen at other 
localities. A discussion of these sedi.rrentary textures and structures 
is given at the end of this chapter. 
3.2.1 Sorting of the Ironstones 
The grain-size distribution of the ferruginous allochems (peloids, 
ooids and oncoids) in the North Wales Ironstones is presented on a 
'box and whisker' plot (Figure 3.10). The measurements, fram 30 thin 
sections, were taken using an eyepiece graticule with a point counter. 
The data is presented in Appendix 2. The longest length of each grain 
was measured, although deformed grains were ignored. Some spread of 
the data must be expected as two dimensional slices through three 
dimensional objects were taken. However, there is a large variation 
between samples that can be described and related to the sorting of 
the ironstones. All facies types of the ironstones, grain-ironstones 
pack-ironstones, float-ironstones, wacke-ironstones and 
mud-ironstones, were analysed (Figure 3.10). 
The one grain-size analysis of a grain-ironstone (Bryn Poeth) shows 
a negatively skewed distribution. The majority of the ooids are 
O.6-l.Ornm in size. This indicates that the grain-ironstones are well 
sorted with no anomalously large (>1.5nm) ooids, but a wide range of 
smaller ooids (Figure 4.12. b) • lenses of two different ooid 
grain-sizes are recognised in the Aber and Pensyflog grain-ironstones. I;: 
The grain-size of these two different lenses has not been accurately 
measured. However there is approximately 1 phi grain-size difference 
between the two (Figure 3.11). 
The pack-ironstones, float-ironstones, wacke-ironstones and 
"Imud-ironstones are described together in the context of their regional 
variation. In general the Anglesey and LlYn ironstones are poorly 
sorted. They have positively skewed grain-size distributions, large 
interquartile ranges, and large allochems (oncoids) within them 
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Figure 3.10 'Box and whisker' plot of the grain size analysis of the 
North Wales Ironstones, showing minimum, maximum, interquartile 
range and median. Data is presented in Appendix 2, grain-ironstone 
(G), pack-ironstone (P), float-ironstone (F), wacke-ironstone (W) 
and mud-ironstone (M). Anglesey - all samples are fran Bryn Paeth 
except MIlA, Llyn - all St. Tudwals except for TRVl, LP68F, TRV4 
Trefor, Snowdonia all Betws Garmon except SNIIB and TDO03 
(Tremadog), Cadair Idris all east except for CI2A and CI-Y (Ffordd 
Ddu). Thin section numbers are detailed in Appendix 1. 
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Figure 3.11 Photograph of thin section, chamosite ooidal sideritic 
grain-ironstone, PSFl Pensyflog (Tremadog) [SH 5619 3958]. Ooidal 
grain-ironstone showing current sorting of ooids into finer and 
coarser beds with approximately one phi grain size difference 
between the t~. Dark patches within the thin section and along 
the left hand edge are due to weathering of siderite to goethite. 
Arrow on the thin section indicates vertical orientation in the 
field. Letter b) indicates bedding. 
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Figure 3.12 Photograph of thin section, oncoida1 ooidal pack-ironstone 
LP22D Pen y Gaer [SH 2990 2821]. A poorly sorted pack-ironstone 
with a negatively skewed grain-size distribution (Figure 3.10). 
The poor sorting is due to larger oncoids within the ironstone. 
Also present are reworked phosphate nodules (centre right) with 
embayed edges, marking the site of plucked ooids. The dark layer 
at the top is a weathering rim of goethite. 
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\(Figures 3.12, 3.14.b). By comparison, the Snowdonia and Cadair Idris 
ironstones are better sorted. They show only a small skewed 
distribution, have a smaller interquartile range, with no large 
allochems (oncoids) present (Figure 3.13). However, there are 
exceptions to this generalisation. Samples AAl7 and AAlOG (Bryn Paeth) 
are thin beds of fine-grained ooidal pack-ironstone with a high (3-5%) 
detrital quartz content (Figure 3.14.a), within an otherwise poorly 
sorted pack-ironstone. Texturally, their sorting is similar to the 
Cadair Idris East ooidal pack-ironstones, which are well sorted and a 
small mean ooid size. The Cadair Idris ironstones show a strong 
variation in sorting along strike. The Cadair Idris West (CI2A &CI-Y) 
ironstones are coarse-grained with a wide variation in allochem 
grain-size (and include oncoids). Those fran Cadair Idris East are 
fine-grained and well sorted, and do not contain oncoids. 
3.2.2 Current Structures 
One characteristic feature of the North Wales Ironstones is that 
they do not shaw cross-bedding or other obvious current structures, 
which are cornrrnn in other colitic ironstones (Van Houten & Purucker 
1984; Van Houten & Bhattacharyya 1982). Despite this lack of current 
structures, a number of features of the ironstones imply current 
rew:>rking. The typical appearance of an ironstone sequence is as 
follows, using Bryn Paeth as the example. 
Laminated silty chamositic mud-ironstones in the lower part of the 
Bryn Paeth sequence (Figure 2.4) grade upwards from parallel-laminated 
muddy siltstone at the base to silty chamositic mud-ironstone within 
IDem. This sequence grades up through chaoositic mud-ironstone and 
wacke-ironstone (or pack-ironstone lenses in mud-ironstone) into 
pack-ironstone and capped by a thin grain-ironstone. Ooids in the 
wacke-ironstone are concentrated into centimetre thick lenses (Figure 
3.15) which are laterally impersistent, poorly sorted, do not have 
sharp bases and show a strong variation in thickness. These coid 
lenses have a high fine-sand/silt-sized grade quartz grain content. 
This concentration of quartz grains with ooids in lenses indicates 
that ooids were reworked. Chanositic mud drapes devoid of any silt 
occur directly over these ooid lenses, although the chanositic muddy 
matrix between lenses of ooids does contain sane silt and ooids. 
Within this sequence oocur small scour and fill structures (Figure 
2.5), cutting into the wacke-ironstones or pack-ironstone lenses, and 
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Figure 3.13 Photograph of thin section, magnetite ooidal chamositic 
pack-ironstone, YF-C Betws Gannon (loose grab sample). This is a 
well sorted ooidal pack-ironstone with a non-skewed grain-size 
distribution. The ironstone is now partially replaced by magnetite 
(Chapter 5), with magneti te ooids (black) in a muddy matrix. Note 
the uneven distribution of mud in the matrix. 
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Figure 3.14 Top - photograph of thin section, ooidal pack-ironstone, 
AAlOG Bryn Paeth [SH 6016 7958]. A fine-grained pack-ironstone 
fram within the main pack-ironstone (Figure 2.4 section A) showing 
a high detrital quartz content decreasing upward. Bottom ­
Photograph of thin section, oncoidal float-ironstone in an ooidal 
wacke-ironstone, Ml0e Bryn Paeth {Figure 2.4 section B} [SH 6016 
7958]. Poorly sorted wacke-ironstone containing very large 
oncoids, spastoliths and burrow mottling in the centre of the 
photograph. Burrow mottling in both ironstones (M) is indicated by 
the uneven mud distribution. 
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Figure 3.15 Photograph of thin section, ooidal pack-ironstone lenses 
in chamositic mud-ironstone, BPI Bryn Paeth (Figure 2.4 section B) 
[SH 6016 7958]. The ooidal lenses also contain detrital quartz and 
feldspar, and mud drapes devoid of detritus occur aboVe these 
lenses. Spastoliths are present in the middle of the thin section 
showing defonnation of ooids with compaction. 
-89­
\ 
Figure 3.16 Photograph of thin section, magnetite ooidal charrositic 
pack-ironstone, YF-X Betws Garm::>n (loose grab sample). Chamosite 
mud lense in a pack-ironstone. Note the concentration of phosphate 
nodules below the mud lense, which may represent a more 
intensively bioturbated horizon. Ooids are now replaced by 
magnetite (black) in a chamositic matrix except for those ooids in 
the mud lense. There is also deformation of the ooids in the mud 
lense (see Figure 3.3). 
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contain fining-up sequences. No other ironstones contain facies 
sequences which are capped by thin grain-ironstones. Description of 
ooid lenses of different sizes in grain-ironstones has been given in 
the previous section. 
All other ironstone localities show a similar trend of increasing 
ooid content and decreasing mud content. A number of other ironstone 
localities show lenses of ooids and/or oncoids, which may be devoid of 
detrital quartz, within mud-ironstones (Chapter 2) and 50 is not a 
feature unique to the Bryn Poeth ironstone. Mud lenses have only been 
seen at BetW5 Garrron (Figure 3.16), but mud patches are a corrmon 
feature of all pack-ironstones, with a mottled texture of dark muddy 
patches and bright green chamosite mud patches (Figure 3.14), 
discussed below (Section 3.2.4). 
3.2.3 Diamictic Structures 
Ferruginous debris flows, found within the ironstone sequences at 
Trefor, St. Tudwals, Llanberis Valley and Tremadog, have been 
described in Chapter 2. Texturally they consist of broken ooids, 
reworked phosphate nodules with sharp or embayed edges (marking the 
sites of plucked ooids), ripped up rafts of chamosite mud, and clasts 
of laminated siltstones in a muddy silty matrix (Figure 3.17). The 
flaking and folding of the siltstone laminae and the diffuse nature of 
the margins of some clasts, showing mixing with the surrounding 
matrix, all indicate that the clasts were derived fran incoherent 
break-up of intermittently slumped masses, and so are not storm 
reworked deposits. At Pen y Gaer sub-angular volcanic fragments (up to 
lOem) also occur in the silty muddy matrix (Figure 3.18). 
3.2.4 Bioturbation Structures 
There is a lack of obvious faunal activity within the ironstones, as 
ooid lenses and siltstone laminae are preserved. This is despite the 
evidence of the presence of sane macrofauna within the ironstones 
(sponge spicules and inarticulate brachiopods). However, there are two 
lines of evidence to indicate bioturbation of the ironstones. Firstly, 
burrow mottling has been identified in the Bryn Poeth ironstone 
(Figure 3.13).. Similarly this can be implied for other ironstone 
localities. The theoretical ooid content for pack-ironstones is 
approximately 70% .. A large number of pack-ironstones show considerably 
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Figure 3.17 Top - Photograph of thin section, phosphatic silicic 
float-ironstone in an ooidal wacke-ironstone, LP57B Hen dy Capel 
[Sa 3002 2714]. Disturbed bed showing ripped-up and deformed clast 
of laminated siltstone, ripped-up lenses of dark mudstone and 
broken phosphate nodules. Bottom - Photograph of thin section, 
phosphatic chamositic float-ironstone in an ooidal 
wacke-ironstone, LP57D Hen dy capel [Sa 3002 2714]. Disturbed bed 
containing ripped-up and deformed raft of chamosite mud within a 
wacke-ironstone. Its unusual shape indicates that it must have 
been transported only a short distance. 
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Figure 3.18 Photograph of thin section, debris flow, LP20A Pen y Gaer 

[SH 2984 2829]. Volcanic clast in disturbed bed in silty muddy 

matrix containing broken and fragments of ooids (Figure 3.4). 
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less than this maximum value (Appendix 2). On closer examination of 
the thin sections it is seen that these pack-ironstones are 
inhonogenous: they contain muddy patches with ooids that are 
mud-supported. Sane wacke-ironstones listed in Appendix 2 have the 
appearance of a pack-ironstone but have a low ooid content. For 
example sample YF-F is a wacke-ironstone, but occurs within the upper 
pack-ironstone facies at Betws Garmon, which is predominantly a 
grain-supported sediment. This muddy matrix most commonly occurs as a 
dark organic-rich chamosite mud, but patches of bright green 
featureless chamosite mud also occur. This variation is described in 
further in Chapter 4 where the difference in mud distribution has had 
a marked effect on diagenesis. 
Secondly, same evidence of bioturbation is present in the 
pack-ironstones. Diagenetic phosphate nodules in pack-ironstones 
preserve a much looser ooid packing than that within the 
pack-ironstone. Either this looser packing texture represents the 
original state of all the sediment, with later compaction forming a 
grain-supported sediment, or that the original sediment was grain
• 
supported with areas of looser packing within it, later phosphatised. 
The difference between pack-ironstones and grain-ironstones is that 
the latter show S()I'OO sedimentary structures, do not have a muddy 
matrix and do not contain nodules. Therefore the mottling of 
pack-ironstones and tl'}e presence of phosphate nooules would suggest 
that pack-ironstones are most likely bioturbated grain-ironstones. 
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3.3 GroCHEMISTRY OF THE IRONSTOOES 
Previous chemical analyses of the North Wales Ironstones (Strahan et 
ale 1920; Hallirnond 1925; Pulfrey 1933a; and Groves 1952), were 
undertaken rrainly to detennine the iron content of the ore, except for 
Pulfrey (1933a) who analysed the rock for it's chlorite canposition. 
Weinberg ( 1973) analysed 31 ironstone samples by atonic absorption 
spectramphotometry (AAS) for major elements and 6 trace elements (Ba 
Co Cr Ni Sr V). weinberg's (1973) results have been compared with this 
present study as a cross-reference check. Weinberg (1973) used the 
geochemistry of the North Wales Ironstones to infer lateritic 
weathering as the source of iron. 
There is little background information on the geochemistry of 
oolitic ironstones. James (1966) classified ironstones on the basis of 
their geochemical characteristics. Siehl & Thein {1978} implied a 
lateritic weathering origin for the Minette ironstone on the basis of 
it's geochemical variation. Myers (1989) analysed, by portable gamma 
ray spectranetry for potassium, thorium and uranium, the Cleveland 
Ironstone Formation to show that it was derived from lateritic 
weathering. 
The processes of sedimentation, diagenesis and alteration should be 
reflected in the geochemistry of the ironstones. In this section, the 
overall geochemical variation of the ironstones is described and 
interpreted in terms of the aOOve processes. The sedimentary 
geOChemical variation and rare earth elements are then described in 
more detail. The localities of the samples analysed are given in 
Appendix 1, and the results for both XRF and ICP are given in Appendix 
5. 
3.3.1 Major Element Variation 
The three rrost abundant oxides present are Fe203(T), Si02 and Al203, 
indicating that the mid-ordovician North Wales Ironstones are 
predominantly composed of chamosite. The variation in the proportion 
of these three oxides is shown in Figure 3.19. Most of the ironstone 
bulk geochemical ccrnposi tions lie close to that of cham::>site (an 
average value from EPMA). Analyses trending towards Si02 and Fe203(T) 
are attributable to the presence of detrital quartz in the 
wacke-ironstones, and the presence of magnetite or siderite in the 
pack-ironstones respectively. Grain-ironstones (frem Aber) lie close 
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Figure 3.19 Triangular Fe203(T), 8i02, Al203 plot of the XRF data 
showing the distribution in composition of the different 
ironstones facies types, and also distinguishing between 
magnetite-bearing and non magnetite-bearing pack-ironstones. 
Average chamosite composition is calculated from the EPMA data. 
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to the average value of chamosite, except for one which has a higher 
Fe203(T) content, due to surficial weathering. The one charrositic 
mud-ironstone analysed plots away fram the mixing line between 
chamosite and quartz, and indicates excess Al203 and Si02 than can be 
accounted for by chamosite and quartz. The high potassium content of 
this rock indicates the presence of other clays (illite). 
The oxidation state of iron in the ironstones is very variable. The 
ratios are shown in the geochemical data (Appendix 5) as the 
oxidation-reduction index (ORI - Fe2+/[Fe2+ + Fe3+]). High values are 
ferrous and low values are ferric. This variation in oxidation state 
naturally falls into three groups: predominantly ferrous (ORI>O.6), 
both ferrous and ferric (O.6>ORI>O.4) and predominantly ferric 
(ORI<O.4). This variation is represented in Table 3.1. 
MIDDLr~ OF NUMBER OF 
INTERVAL OBSERVATIONS 
OF ORI 
0.1000 1 * 
FERRIC 0.1500 0 
0.2000 1 * Group iii 
0.2500 0 
0.3000 2 ** 
0.3500 0 
0.4000 0 
0.4500 5 ***** 
0.5000 4 **** Group ii 
0.5500 3 *** 
0.6000 0 
0.6500 3 *** 
0.7000 5 ***** 
FERROUS 0.7500 5 ***** Group i 
0.8000 6 ****** 
Table 3.1 A histogram of the distribution of the ORI for the North 
Wales Ironstones (see text for details). 
Group i canprises the majority of the ironstone samples, and are 
dominantly fer~us in nature. This g~up includes all those ironstones 
which contain siderite, but also includes those magnetite-bearing 
ironstones (Figure 3.19) which only contain a small quantity of 
magnetite (001, 002, 003, 008 - Betws Garmon and 011, 013 - Cadair 
Idris). The ferric component in this group is either contained in 
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magneti te or as iron oxides formed by surficial weathering of the 
ironstones which was not removed during sampling. 
Group ii comprises the majority of the magnetite-bearing ironstones, 
plus two other samples, which all contain roughly equal am:::>unts of 
ferrous and ferric iron. The two exceptions are 017 (N. Anglesey) a 
weathered siderite ironstone, and 030 (Pen y Gaer) a weathered 
siderite chamosite oolitic ironstone. 
Group iii is only a small group of ironstones dominated by ferric 
iron. Two of the four samples are weathered magnetite-rich ironstones 
(026 & 027 Tremadog). The remaining two are strongly weathered 
siderite-rich ironstones (015 Bryn Paeth, 033 Betws Ganoon). 
The effect of surficial weathering can be deoonstrated in Figure 
3.20, a plot of ORI against Fe203• This shCl\t1S a trend of decreasing 
OR! with increasing Fe20 - All samples have been affected to some3 
degree by weathering. Only those ironstones that are strongly 
weathered falloff the trend, where the increase in oxidation is not 
accanpanied by an overall increase in iron content (015 Bryn Poeth, 
033 Betws Garmon). The total iron content of the ironstones shows a 
positive correlation with ferric iron (r=0.68l) indicating that total 
iron increased with the addition of ferric iron. It is considered that 
the iron was deposited originally as Fell, with later magnetite 
replacement (Section 5.1.4) (and to a lesser extent weathering) 
. . hIlIlncreaslng t e Fe content. 
Magnesium occurs in small amounts (less than 2% MgO) in the 
ironstones, as a minor constituent of chamosite, siderite and 
stilpnamelane. The calcium and phosphorus contents are controlled by 
diagenetic phosphate (apatite). The average values for all the 
ironstones are 4.1% CaO and 2.9% P20S' although maximum values of 
13.4% CaD and 9.2% P20S' in nodule-rich ironstones (025 - debris flow 
Tremadog, 040 - Bwlch y Cywion). The grain-ironstones fram Aber have 
the lowest phosphorus contents, even though there are no nodules 
present they still contain an average 1.16% P20S• 
The ironstones are extrerely low in both potassium. and sooium, roost 
values falling below the detection limit of the XRF. The only clay 
mineral in the ironstones is chamosite, explaining the absence of the 
alkali metals which are notTnally present in other clay minerals in the 
surrounding mudstones. The small arrounts of ,potassium in sane of the 
Pen y Gaer and Bryn Poeth ironstones is due to the presence of 
detrital illite, detected by EPMA. However, there are two exceptions 
to the low alkali content. Those ironstones with a significant 
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Figure 3.20 Plot of ORI against Fe203. This indicates the trend of a 
decrease in the index with increasing ferric iron. The two 
ironstones, encircled, that are strongly weathered (015 Bryn 
Paeth, 033 Betws Garmon) falloff the trend indicating an increase 
in ferric iron (due to surficial weathering) not accanpanied by an 
increase in iron content. 
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potassium content, up to 0.71% K20, (Samples 011-014 Cadair Idris, 022 
Tyllau Mwn, 023 024 Rhyd, and 040 Bwlch y Cywion) show the presence of 
stilpnamelane (Chapter 5). The one chamositic mud-ironstone also has a 
high (2.4% ~O) potassium content, due to the presence of illite. 
Those ironstones with high levels of sodium, up to 0.47% Na 0, contain2
detrital feldspar (Bryn Paeth), although two Rhyd samples (023 024) 
and t¥iQ Aber samples (018 021) may contain sodic micas fonned during 
hydrothermal alteration. 
3.3.2 Statistical Analysis 
Multivariate statistical analyses of the North Wales Ironstones 
helped to identify natural geochemical groupings of elemants wi thin 
the data set. This gives an unbiased description of the variation in 
geochemistry, and so give the best interpretation of inter element 
relationships and their possible mineralogical controls. Siehl &Thein 
(1978) showed stratigraphic and regional geochemical trends in 
connection with the genesis of the Minette Ironstones using 
Hierarchical Cluster Analysis • Jarvis (1980 ) was able to identify 
chemical changes which occur during the lithification and 
mineralisation of Cretaceous phosphatic chalks and hardgrounds using 
Principle Canponent Factor Analysis. Multivariate statistics is not 
used to replace interpretation of the geochemical data, but merely 
assembles it into a more readily interpretable form. 
In this study two different methods were used, hierarchical cluster 
analysis and principal component factor analysis (Heley 1980). 
Hierarchical cluster analysis is a technique used mainly for 
classification purposes. The usual application is to find groups (or 
clusters) of samples whose members are very similar to other members 
in the cluster but which have much lower similarity with members of 
other clusters. Similarity is defined by the 'distance' between 
samples, which is the root mean square of differences between points 
taken over all variates. However, there are a wide variety of 
different clustering methods that can be used (Jones 1988). The Vax 
mainframe system has 7 different clustering techniques (Heley 1980). 
These clustering nethods were tried, sare could be ignored as they 
produced a chained dendrogram (Jones 1988). Of these, sircple average 
clustering of the data set was used. This is because it manipulates 
the data the least. 
Factor analysis reduces complex relationships between large numbers 
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of variables to 11
. a sma number of relationships and identify 
rnechan1S1TlS that are working within the system, which explain :roost of 
the variance in the original data. Variables are grouped on the basis 
of their intercorrelation into factors, which are associations of 
highly correlated variables. These factors, which are statistically 
the daninant features of the data variation, are derived fran the 
Pearson Correlation Matrix. 
Simple average cluster analysis of the geochemical data (Figure 
3.21) identified five main groups of elements and two isolated 
elements, differentiated at a similarity level of 1.25. Group 1 was 
further sul:x1ivided to produce two geochemically distinct subgroups, at 
a similarity level of 1.0. These groups are briefly described here 
and dealt with in rrore detail in the appropriate chapters. 
Group la - includes the major elements Si02, A1203, Ti02, MgO, Na20 
and MnO and trace elements Zr, Nb Sc. These are described as 
detrital (Section 3.3.3), but also include magnesium and manganese 
which are also contained in diagenetic siderite (Section 4.3) and 
metasomatic stilpnamelane (Section 5.2). 
Group lb - are the three alkali metals associated with stilpnamelane, 
K 0, Ba and Rb (Section 5.2).
2Group 2 - is Cu and S which are of hydrothermal origin in chalcopyrite 
(Section 5.4). 
Group 3 _ are Fe 0 (T) and Fe 0 , with a poor association with Ce, and 
2 32 3 
related to magnetite development within the ironstones (Section 
5.1) • 
Group 4 - is a group with little internal association (except Co and 
Ni) made up of trace elements. 
Group 5 _ is dcminated by the very close association between Cao and 
p 0 (apatite) and relates to diagenetic phosphate within the 
2 5 ' 'ed 'thironstones (Section 4.2). Within this group Y 1S assoclat Wl 
apatite, Cr and V are closely associated together and with Sr are 
included in this group. 
Factor analysis shows many similarities with cluster analysis, but 
allows interpretation on the rrajor controls of the variation within 
the data set. Five factors control the rrajority of the variation 
within the data (Table 3.2) and since the eigen vectors are mutually 
perpendicular these mechanisms are statistically independant of one 
another. 
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Figure 3.21 Sbnp1e average hierarchical cluster analysis of the XRF 
data set. The groups are divided at a sUnilarity level of 1.25. 
Also separated are two elements (FeO & As) which do not associate 
with any group. Group 1 is further sutxiivided at a similarity 
level of 1.0. The six groups are highlighted by shading. 
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Eleroont Factor Factor Factor Factor Factor Mean St. 
1 2 3 4 5 Dev. 
Si02 0.626 -.552 0.205 0.172 -.022 20.28 8.94 
Al203 0.842 -,.254 0.282 0.094 -.281 7.50 2.76 
Ti02 0.915 -.042 -.006 -.027 -.196 0.38 0.16 
Fe203(T) 
-.607 0.628 -.364 0.175 0.073 52.30 12.80 
FeO 
-.103 0.177 -.468 -.485 -.190 27.26 8.26 
Fe203 
-.474 0.510 -.020 0.547 0.201 22.30 13.60 
MgO 0.528 -.258 0.131 -.311 0.199 1.28 0.53 
Cao 
-.334 -.628 0.493 -.233 -.098 4.59 2.39 
NaO 0.280 0.582 0.578 0.174 0.161 0.05 0.10 
K20 0.490 -.432 -.124 0.669 -.044 0.15 0.43 
MnO 0.522 0.578 0.230 -.301 0.111 0.33 0.45 
P20S 
-.393 -.628 0.510 -.124 -.126 3.21 1.70 
As 0.118 -.175 0.207 -.012 -.362 52.0 146.0 
Ba 0.445 -.411 -.022 0.603 -.250 236.0 898.0 

Ce 

-.285 0.442 0.531 0.381 0.016 210.2 78.1 
Co 0.143 0.671 0.289 0.216 0.254 41.1 23.2 

Cr 

-.652 0.096 0.154 0.121 -.494 220.9 82.5 
Cu 0.003 -.117 0.224 -.112 0.737 34.1 19.3 
Hf -.043 0.353 -.209 0.103 0.133 5.4 4.7 
Ni 0.435 0.514 0.416 -.014 0.001 58.9 67.2 
Nb 0.858 0.219 0.009 -.005 -.092 9.8 4.6 
Pb 0.026 0.229 0.687 0.112 0.107 19.9 15.2 
Rb 0.395 -.281 -.278 0.640 0.173 19.6 18.6 
S -.028 -.461 0.157 -.148 0.711 12794.0 23234.0 
Sc 0.527 0.507 -.009 -.388 -.197 17.5 10.0 
Sr -.577 -.309 0.208 -.141 0.039 241.0 185.0 
V -.803 0.144 0.256 0.151 -.307 355.0 119.0 
-.373 -.157 0.719 -.040 -.337 84.5 23.4 
Zn 
Y 
0.180 0.383 0.187 0.000 -.212 129.7 79.0 
Zr 0.885 0.226 0.108 -.172 -.204 86.5 33.2 
7.713 5.014 3.342 2.602 2.260 
Values 
Eigen 
25.71 16.71 11.14 8.67 7.53 
Variation 
%-age of 
25.71 42.42 53.56 62.23 69.77 
%-age of 
variation 
Cumulative 
Table 3.2 Principal component factor analysis of the North Wales 
Ironstones XRF data. 
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Factor 1 - Geographical Distribution This factor controls 25.7% of the 
variation within the ironstones. The detrital group of elements 
(Group la above) have high positive loadings, plus positive 
loadings for the stilpnornelane group elements (Group lb). The 
Group 3 elements ( Fe (T) and Fe 0 ) plus Cr, V and Sr of Group203 2 3
5 all have high negative loadings. This opposite nature is also 
shown by the cluster analysis which shows that the positive (Group 
1) and negative loadings (Groups 3 & %) have the least similarity. 
This factor distinguishes the fact that different ironstone 
localities, because of their localised nature, have undergone 
differing post-depositional alterations. It distinguishes those 
ironstones with a high detrital content, plus those with 
stilpnamelane, from the magnetite ironstones, where the increase 
in iron has a diluting effect on the immobile elements (Section 
5.1). 
Factor 2 - Magnetite Replacement This factor controls 16.7% of the 
variation in the data set. Fe 0 (T), Fe203 (Group 3), Co, Ni2 3
(Group 4) and MnO all have positive loadings and can be related to 
the formation of magnetite within the ironstones. Apatite (CaD, 
P205 - Group 5) and stilpnamelane (K20, Ba, Rb - Group Ib) have 
negative loadings. The opposite nature between magnetite and 
stilpnomelane replacement is confirmed by the fact that magnetite 
and stilpnomelane have an antipathetic relationship (Chapter 5). 
Factor 3 - Diagenetic Phosphate Growth controls 11.1% of the 
variation, with high positive loadings for Y, CaO and P205, 
corresponding to Group 5 of the cluster analysis. 
Factor 4 - Metasomatic Stilpnomelane Replacement controls 8.7% of the 
variation with positive loadings for K20, Ba and Rb corresponding 
to Group Ib of cluster analysis. 
Factor 5 - Hydrothermal Alteration controls 7.5% of the variation with 
positive loadings for Cu and S, indicating the presence of 
chalcopyrite, corresponding to Group 2 of cluster analysis. 
These groups identified by statistical analysis reflect diagenetic 
and metasomatic processes and are dealt with in the appropriate 
chapter. The one group which represent sedbnentary processes is dealt 
with next. 
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3.3.3 	The Immobile Elements 
The correlation of the elements within Group la are shown. in Table 
3.3. 
8i02 Al203 Ti02 MgO Na20 M.nO Nb Sc Zr 
Si02 
Al203 
Ti02 
MgO 
Na20 
MnO 
Nb 
Sc 
Zr 
-
0.787 -
0.592 0.876 -
0.266 0.445 0.436 -
-.060 0.170 0.163 0.010 -
-.143 0.268 0.435 0.398 0.607 -
0.464 0.706 0.759 0.380 0.331 0.513 
-
-.077 0.335 0.542 0.273 0.328 0.752 0.619 
-
0.459 0.795 0.894 0.419 0.314 0.591 0.866 0.711 
-
Table 3.3 Correlation matrix table between the Group la elements. 
Magnesium and manganese are :poorly associated with this group and 
are contained within chamosi te or siderite (Chapter 4), which occur 
within the more detrital-rich ironstones. Sodium occurs within 
detrital feldspar and silicon in detrital quartz. The closest 
association is between the remaining elements (A1203, Ti02, Zr, Nb and 
Sc) and it is this close association which indicates the overall 
detrital nature of this group. 
Detrital rutile has been visually identified within ooids only in 
the Bryn Poeth ironstone, otherwise any rutile that might be present 
is too fine-grained to be visible. Titanium detected on the EPMA in 
cha.nosite within ooids (found at rrost localities) most likely 
indicates detrital rutile. EPMA Analyses of recrystalised charrosite 
(cements and veins) show no titanium. Therefore titanium is not 
contained in the chamosite lattice, but in detrital minerals. Brindley 
(1982) and Rohrlich (1974) assigned titanium in berthierine analyses 
to detrital rutile. Detrital rutile and zircon have been found in the 
Northampton Sand Ironstone (Taylor 1949) along with detrital 
metamorphic minerals. Visible zircon has only been identified fram the 
nucle..kls of an coid fran Bryn Paeth. Presumably, like rutile, zircon is 
too fine-grained to be visible. Zirconium is present in the mineral 
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zircon, which can resist more than one cycle of weathering and 
sedimentation, and is also resistant to metanorphism up to moderate to 
high grades (Deer et a1. 1962a). That titanium and aluminium correlate 
very well with zirconium (Table 3.3) indicates that they were of 
detrital origin. The regression line of the plots between these 
elements passes very close to the origin, suggesting that the titanium 
and aluminium contents have not been affected by low grade regional 
metamorphism. Niobium either substitutes for zirconium in the zircon 
lattice, or occurs as a niobium bearirY;J phase, either as an 
independant mineral or as inclusions in rutile and zircon (Deer et ale 
1962a). Scandium correlates with titanium, manganese, niobium and 
zirconium (Table 3.3). However, the behaviour and mineral control of 
scandium is poorly understood. It would be expected that hafnium would 
show a correlation wi th this detrital group as there is always some 
hafnium in zircon (Deer et ale 1962a). However the hafnium content of 
the ironstone bears no relationship to zirconium, although the values 
for hafni um are low and sane analyses are below detection 1 imi ts. 
Likewise yttrium, which occurs in the mineral xenotiroo (YP04) and can 
show isostructural replacement of zrSi04 in the zircon lattice, would 
be expected to show sane correlation with this group. Yttrium also 
shows no correlation with zirconium. 
3.3.4 The Rare Earth Elements 
A selected number of the XRF samples were subsequently analysed for 
the rare earth elements (REE) by rep. Published data on the REE 
content of Phanerozoic Ironstones is extremely limited (Timofeeva & 
Balashov 1972; Bhattacharyya 1986). The REE results of the 
mid-ordovician North Wales Ironstones are: 
1) normalised to chondrite values (Boynton 1984), to show the basic 
REE pattern of the ironstones, and to normalize to average shale 
values (Cody Shale - Jarvis & Jarvis 1986) for comparative purposes. 
2) correlated to the major and trace elements of the ironstones, to 
study the controls on the variation of the REE. 
3) compared to ironstone REB I to other ferruginous sediments REE 
(glauconites and BIF) other sed~nt5 and volcanics REE. 
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The plots of the REE for the ironstones normalised to chondrite 
values are shown in Figure 3.22. The samples are from Betws Garnon (S 
samples), Cadair Idris East (4), Pen y Gaer (3), Aber (2), Bryn Paeth 
(2), and individual samples from Rhyd and Cadair ldris west. Within 
analyses fram one ironstone locality, the similarity of the plots is 
readi1y apparent. The main variation is the absolute values of the 
REE. All samples have a negative europium ananaly and some samples 
have a positive cerium anomaly (Bryn Paeth, Fhyd, Cadair ldris west). 
The other difference in the ironstone NEE patterns is the notable 
enrichment of the heavy rare earth elements (HREE) in same ironstones 
(Aber, Bryn Poeth, 032-Pen y Gaer, Rhyd, Cadair ldris west). 
The ironstones have been nonnalised to average shale values to 
campare similarities and differences between I normal I marine sediments 
and ironstones. Cody Shale values, analysed by lCP, are used to 
normalise the data (Jarvis & Jarvis 1986). When the chondrite 
normalised ironstone plots are canpared to the chondrite normalised 
plots for the Cody Shale a number of differences are apparent. The 
Cody Shale has only a small europium ananaly (Eu/Eu* = 0.83) whereas 
the ironstones have a much larger anomaly (average = 0.64). The 
overall gradient and light rare earth element (LREE) gradients for the 
Cody Shale are markedly steeper than those of the ironstones (La/Lu 
Cody Shale = 102, average ironstone = 47; la/SIn Cody Shale = 6.28, 
average ironstone = 3.06). The Cody Shale has a flat HREE profile 
while the HREE profile for the ironstones is variable. These features 
are demonstrated by normalising the ironstone values to the Cody Shale 
(Figure 3.23). All ironstone samples have a similar overall concave 
pattern, with the inflexion point lyiIYJ around terbium-dysprosium. 
Those ironstones with an anomalous HREE concentration show up clearly, 
as do those with a cerium anomaly. 
The REE and their ratios have been correlated with the XRF major and 
trace element data. This shows a number of relationships that can help 
to explain the variation between the REE samples in relation to the 
major and trace elements, and therefore to processes acting upon the 
ironstones. There are three groupings of major and trace elements that 
can be shown to influence the REE: 
1) Immobile elements (Ti02 Zr Nb Sc), 
2) Ferric iron and related transition metals (Fe203 MnO Co Ni V), 
3) Apatite (Cao P20S)· 
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Wales Ironstones. Numbers refer to XRF sample No.s in Appendix 5. 
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The elements within these three groupings all show strong correlations 
with certain REE and ratios. 
The inroobile elements (Group la above) show a strong correlation 
wi th the HREE (Table 3.4) 
Ti02 Zr Nb Sc 
Lu 
La/Lu 
Gd/Lu 
Ho/Lu 
0.494 0.695 0.626 0.616 
-0.653 -0.765 -0.773 -0.872 
-0.806 -0.797 -0.885 -0.861 
-0.767 -0.803 -0.853 -0.910 
Table 3.4 Correlation table between the immobile elements, and 
Lutetium and the HREE ratios. 
The samples with high imrrobile elenent values show an anana ly in 
HREE distribution, in that their HREE increase rather than decrease 
(Figures 3.22; 3.23). This is indicated by the good negative 
correlation between increasing titanium, zirconium, niobium and 
scandium and decreasing La/Lu Gd/Lu and Ho/Lu (Table 3.4). This is 
best demonstrated by the chondrite normalised plot (Figure 3.22) for 
sample 019 (Aber) where from holmium onwards the HREE increase. Its 
chondrite normalised plot shows an enrichment in HREE and depletion in 
lanthanum. One St.'fudwals ironstone sample with sane hydrothermal 
alteration also shows anomalous HREE enrichment and lanthanum 
depletion, as does the sample fran Rhyd. It is uncertain why 
hydrothermally altered ironstones should show a relative enrichment in 
the HREE plus scandium and a depletion in lanthanum, as this has not 
been doc~nted from other ironstones. 
The REE are also affected by ferric iron and related transition 
metals (MnO, Co, Ni, V). However, this group of eleJ.rents do not behave 
in such a coherent fashion as the other two, the influence of these 
elements is rrore varied. The first influence by this group is on the 
total rare earth element (TREE) content. Ferric iron, cobalt and 
vanadium all show a positive correlation (r= 0.5-0.6) with the TREE 
content. Additionally ferric iron and vanadium also sh()\ll1 a positive 
correlation with the LREE (La/Sm r=O.5), indicating that the probable 
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control of the LREE (being more abundant will influence the TREE more) 
is by the ferric iron content. Manganese, cobalt and nickel also show 
a positive correlation with the cerium ananaly (Ce/ee*:Co r=0.7l0 Ni 
r=0.73S MnO r=0.S26). These results roughly agree with the XRF data 
for Ce, which shows a positive correlation with ferric iron (Ce/Fe203 
r=O. 538), suggesting that ferric iron (diagenetic and/or metasanatic 
and/or weathering) had a large control on the LREE of the ironstones. 
Apatite has only a limited influence on the REE pattern. Both 
calcium and phosphorus show a positive correlation with lanthanum 
(La/Cao r=O.496; La/P20S r=O.480). The XRF data for the relationship 
between yttrium and apatite indicate that yttrium shows a good 
correlation with apatite (Y!CaO r=O.683 Y/P20S r=0.6Sl). This suggests 
that yttrium is associated with this phase. However the regression 
line for this correlation cuts the yttrium axis at 5Sppm, suggesting 
an additional primary yttrium phase i as xenotime substituting in the 
zircon lattice. 
The North Wales Ironstone REE patterns are compared to other REE 
patterns (Figure 3.24). The North Wales Ironstones have a very 
dissimilar pattern to BIF I to East Pacific Rise crest metalliferous 
sediments and to glauconites. This indicates no genetic link between 
oolitic ironstones and other iron-rich deposits. The REE patterns for 
various North Wales volcanics (acid, intermediate and basic) are 
dissimilar to the North Wales Ironstones, indicating no genetic link. 
Likewise the ironstones are not comparable to average shales or upper 
crustal values (equivalent to average basement).. The North Wales 
Ironstones do show similari ties to phosphate rocks (Jarvis & Jarvis 
1986) and also to Russian ironstone REE patterns (Timofeeva &Balashov 
1972). These similarities and differences allow constraints to be 
placed on the significance of the North Wales Ironstones pattern, 
which is discussed in the next section. 
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Figure 3.24 Comparison of the North Wales Ironstones REB to other 
sediments, all normalised to chondrite (Boynton 1984). Shaded area 
is extent of North Wales Ironstones and the thick black line is 
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Cody Shale, Glauconite (Jarvis & Jarvis 1986), Average Upper Crust 
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3.4 DISCUSSION 
Trytha11 et al. (1987) have accounted for the depositional controls 
of the mid-ordovician North Wales Ironstones. In this section the 
ideas are justified in greater detail and expanded upon. 
3.4.1 Source of the Ironstone 
A number of possible sources of iron for oolitic ironstones have 
been suggested (Maynard 1983) It A volcanic source for iron for the 
North Wales ironstones would at first seem to be likely. Volcanic 
activity is abundant within the Ordovician of North Wales and has 
also formed the source for other ironstones (CUade 1976; Dreesen 
1989). However there are a number of argurrents against a volcanic 
source for the North Wales Ironstones: 
1) The ironstones are older than the main volcanic event in 
North Wales, and volcanic sediments and the oolitic 
ironstones are not associated with each other. 
2) The one occurrence of a volcanic-associated ferruginous 
deposit in North Wales is a massive sulphide deposit (Ball & 
Bland 1985). 
3) Volcanic associated ironstones are oxide and sulphide 
dominated, the North Wales Ironstones are silicate dominated, 
plus a REE pattern that does not resemble any of the North 
Wales volcanics .. 
The geochemistry of the ironstones indicates that the original 
sediment was Fe-Si-Al daninated, with no alkali metal bearing clays 
present. The most likely mechanism to produce this pattern is 
1ateritic weathering of an ad jacent landmass. This process generates 
kaolinite and iron oxide complexes, as colloids or organic complexes, 
which are then eroded and transported into the basin (Maynard 1983; 
Carroll 1958). 
Oolitic ironstones ccmnonly form close to shorelines (Bayer 1989) .. 
The detrital content of the Anglesey and Llyn ironstones, and the 
presence of feebly oolitic ferruginous grits fonning part of the 
basal beds of the Caradocian transgression on Anglesey, indicate that 
the shoreline lay close to the northwest. This was the Irish Sea 
Landmass (George 1963) or Mona terrane (Giboons & Gayer 1985). The 
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presence of detrital quartz in the Anglesey and Llyn ironstones 
indicate a metamorphic or acid plutonic provenance. This is consistent 
with the exposures of Precambrian metarrorphic and plutonic rocks on 
Anglesey and the LlYn-
The geochemistry of the ironstones adds support to the argument of 
lateritic weathering. For each ironstone locality the REE patterns are 
remarkably similar and overall the REE patterns are similar. Any 
differences are accounted for by post-depositional changes. The 
anomalous HREE patterns are associated with hydrothermal alteration, 
and the LREE patterns are affected by metasanatism and weathering. The 
immobile elements (Al, Ti, Zr, Nb, Sc) all have a constant 
relationship which, combined with the original relatively uniform REE 
pattern, suggests the same source for all the ironstones despite their 
geographically widespread nature. 
The North Wales Ironstones REE pattern is dissimilar to patterns of 
other ferruginous deposits, average sediments and average continental 
crust. Therefore the two most likely explanations for the ironstone 
REE patterns are either derivation fram a terrane with an overall REE 
pattern similar to the ironstones, or that they reflect a 
fractionation process that is characteristic of ironstone formation. 
REE data for Russian oolitic ironstones (Tirrofeeva & Balashov 1972) 
are broadly similar to the North Wales Ironstones. The likelihood of 
Russian oolitic ironstones being derived fram a terrane with the same 
REB pattern as the North Wales Ironstones is ,low • Therefore the 
REE patterns of ironstones suggests that they reflect a common process 
formation, and not an inherited pattern. 
If the source for the ironstone was by lateri tic weathering then 
this must be reflected by the REE carposition, as the REE are not 
immobile under chemical weathering conditions (Fleet 1984). The 
detrital behaviour of the imnobile elerOO:nts (plus HREE) suggest that 
these phases survived latedtic weathering. This has been shown for 
modem lateri tes, where the irnrrobile elerrents are present as residual 
minerals (Isaac 1983; Nair & Mathai 1981; Kronberg et ale 1979). This 
is also the case for the Northampton Sand Ironstone (Taylor 1949). 
Gramet et a1. (1984) have shown that a significant proportion of the 
HREE in shales are contained in detrital resistate minerals, 
especially zircon. However, the LREB tend to be enriched in :mcxjern 
laterites and occur adsorbed onto clays and iron oxides (Isaac 1983; 
Nair & Mathai 1981), and can be transported in this state. In the 
North Wales Ironstones the LREE are rro1ified by post-burial processes, 
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indicati~ that the LREE adsorbed onto clays and iron oxides were 
released during diagenesis of the ironstones. The North Wales 
Ironstones do not contain a negative cerium anomaly, indicating that 
phases containing the LREE were not precipitated from seawater (Fleet 
1984). However, the North Wales Ironstones do have a large negative 
europium anomaly when canpared to average shale (Cody Shale). The 
europium anomaly in shales is inheri ted from the continental crust 
from which they were derived (Taylor & McLennan 1985). It is unlikely 
that the crustal material from which the North Wales Ironstones were 
derived had a similarly large negative europium anomaly, as Ashgillian 
mudstones from North Wales (A. Kearsley unpublished data) do not have 
a similarly large negative europium anamaly. Therefore it is most 
likely that this anomaly reflects fractionation processes during 
lateritic weathering. For the significance of the North Wales 
Ironstones REE to be fully understood, much more REE data of other 
Phanerozoic Oolitic Ironstones is needed. 
Supporting geochemical evidence of a laterite weathering source for 
ironstones cernes from a study of Thorium and Uranium (similar in 
behaviour to the REE) in the Cleveland Ironstone Fonnation (Myers 
1989). Thorium is an imrobile phase while uranium can be oxidized and 
is then soluble. The Cleveland ironstones have a high Th/U ratio (are 
relatively depleted in uranium) indicating highly oxidizing conditions 
under which uranium had been leached. Thorium enrichment in the 
Cleveland ironstones is a primary and not diagenetic feature, and 
thorium is enriched in laterites with a close association with 
kaolinite. The thorium content of the Cleveland ironstones reflect a 
transJ.,X>rted detrital corrponent, enriched in thorium and depleted in 
uranium (Myers 1989). 
3.4.2 Controls on the localisation oft.l-te ironstones 
A number of constraints can be placed on the environmental 
conditions under which the North wales Ironstones must have been 
deposited: 
1) They are geographically widespread but sp<'>radic deposits .. 
2) They occur above stratigraphic hiatuses, and their lateral 
equivalents are thicker siliciclastic sequences. 
3) Some ironstones contain slUl'lp structures and debris flow 
deposits. 
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4) They rust be the site for the fomation of ooids. 
5) They are reworked and current sorted before final deposition. 
6) They contain stromatolites and oncoids. 
The first two constraints imply same control(s) which produce 
localised deposits with lateral facies changes. The third constraint 
implies topographic or tectonic instability. The last two constraints 
imply relatively shallow water and reworking by currents. Within the 
Welsh Basin this environmental milieu could be provided either by 
volcanic rises, or by topographic highs produced by fault control. It 
has already been established that there is no association with 
volcanism. Therefore the evidence for fault control on ironstone 
de:p:Jsition is investigated(fi~ A'). 
At Bryn Poeth the N-S trending Garth Ferry fault is exposed just to 
the west of the Ironstone, and also a stratigraphic gap occurs beneath 
the ironstone of the bifidus Biozone. Bates (1974) noted that the 
majority of N-S faults on Anglesey had some movement in the 
Ordovician. 
The Mid-0rdovician ironstones on the Llyn peninsula (Trefor and St. 
Tudwals) may both be related to a single fault. In the St. Tudwals 
peninsula a major N-S fault (Figure 2.9) is known to have been active 
in the Cambrian (Nicholas 1915). The St. Tudwals ironstone only occurs 
on the west side of this fault. Further to the north there are 
differences in the Caradocian sequences either side of the same fault 
(Roberts 1979, p63-66). Blenkinsop et ale (1986) have noted that this 
fault trends toward the epicentre of the North Wales 1984 earthquake 
(Turbitt et al. 1985), which was formed on a N-S oriented basement 
fault. The Trefor ironstone occurs just to the east of this fault. The 
Llanvirn is missing from beneath the St. Tudwals ironstone and there 
may be a stratigraphic hiatus beneath the Trefor ironstone (Section 
2.3.1). Both localities contain disturbed ironstones and debris flows, 
indicating tectonic disturbance, which become more persistent towards 
the fault at St. Tudwals. 
In Snowdonia, the ferruginous debris flow in the Llanberis valley 
terminates against the Llanberis Valley Fracture Zone (Wilkinson & 
Smith 1988) 1 a NW-SE oriented structure. At Betws Gat'lron the ironstone 
occurs near a major NE-SW fault, which has been shown to have been 
active in Cambrian times (Webb 1983). A hiatus beneath the ironstone 
has been proposed (Section 2.4.4). The Treffi3.dog ironstone has been 
shown (smith 1987) to have been affected by contemporaneous tectonic 
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activity, slumping on a NW dipping palaeoslope away from the Harlech 
Horst. A large stratigraphic gap occurs beneath the Tremadog ironstone 
(Section 2.4.5). 
In the Cadair Idris region the ironstone shows the thickest 
development in the east while the Llyn y Gader mudstones are the 
thinnest (Davies 1956). Westwards the ironstone sequence becomes 
thinner, more detrital quartz rich, more poorly developed and the 
adjacent mudstone sequence thicker. West of Ffordd D:1u there is no 
ironstone, and only a thick clastic sequence is developed, up to the 
Llanegryn Fault (Jones 1933). Across the fault is 50ft of oolitic and 
nodular beds, above a stratigraphic hiatus (Jones 1933). To the east 
of Cross Foxes the ironstone abruptly disappears. The synsedimentary 
faul ts prevalent at this time have been shown by Fi tches & campbell 
(1987); to the east of Cross Foxes is the junction between the Harlech 
& Aran horsts and the Aran Graben. 1his is also the connection between 
the Tal y Llyn and Bala faults, all indicating further synsedimentary 
faulting terminating the ironstone. Contemporaneous tectonic slumping 
of sediments and ironstones can also be seen in the Arenig of North 
Wales (Beckley 1987,1986; Kokelaar 1979). 
This fault control on the ironstones would have the effect of 
producing short-lived shallow water shoals. Fault scarps would not 
propagate in the predominantly muddy sediments but would form shoals 
instead (Kokelaar et al. 1984). Fault scarps are relatively rare in 
Ordovician North wales, the most significant being in Central Anglesey 
(Bates 1972). The formation of shoals would account for the localised 
distribution of the ironstones, their occurrence above a hiatus, lack 
of clastic dilution and a lateral correlation wi t.11 thicker clastic 
sequences. Ironstones forming on shallow water shoals are seen in the 
Jurassic (Hallam 1975; Sellwood & Jenkyns 1975). 
3.4.3 Formation of the Ferruginous Allochems 
Berthierine today occurs as peloids, largely faecal in origin, on 
sediment-starved continental she1ves (Van Houten & Purucker 1984), 
although these peloids may also form as inorganic floccules 
(Bhattacharyya 1989). The shallow water shoals in the North wales 
Basin \lIIOuld therefore supply a similar environment for berthierine 
aCC\.ll1Ulation. Peloids supply the necessary reducing microenvironment 
to form berthierine fran kaolinite/iron oxides (Velde 1989, 1985). 
Berthierine may also have formed by trapping of kaolinite/iron oxides 
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by stranatoli tes or other microbiota, both of which also proouce a 
reducing microenvironment. The initial stage in the formation of ooids 
is the formation of nuclei, which are predominantly peloids. The 
presence of sponge spicules and quartz grains as nuclei indicate that 
the ooids formed in the marine environment and so are not reworked 
laterite soil ooids (Siehl & Thein 1978). Ooids then formed by 
successive coating of the nucleus by chamosite laminae. Mechanical 
accretion of chamosite laminae is shown by detrital rutile grains 
within the laminae, and by the rounding effect on the ooids by the 
successive accretion of laminae. The presence of organic carbon 
defining laminae indicates that although there was no direct biogenic 
influence on ooid formation there was an indirect influence. An 
analogy with recent calcareous ooids can be made. These contain 
organic carbon defining laminae, where the organic mucilage was sticky 
enough to allow accretion to occur (Bathurst 1975). Bacterial activity 
within this mucilage could provide the reducing conditions necessary 
to form and preserve berthierine. This would therefore explain the 
paradox of chamosite preserved in ooids as a ferrous mineral in an 
oxidizing depositional environment. 
The site of ooid formation in the ironstones is problematic. Ooids 
are restricted to the ironstones, do not occur in the underlying and 
overlying beds and laterally pass into clastic mudstones. Clearly the 
shoals rust have been both the site of ooid formation and of final 
deposition. The grain-ironstones, pack-ironstones and float-ironstones 
are all reworked sediments and so do not represent the original site 
of formation. However, chamositic mud-ironstones are very rare in 
oolitic ironstones, and are best seen in the North wales Ironstones 
(Hallimond 1925). This mud-ironstone may have been the substrate upon 
which the allochems were rolled to form ooids. This and the presence 
of stromatolites (see below) may represent the original site of 
formation of the ooids. 
Bhattacharyya (1989) has advocated ooid formation in 'lean muddy 
oolites', which are thin and laterally extensive. These are reworked, 
the ooids transported like sand grains, into I concentrated oolites' 
which are lense like deposits. Within the 'lean muddy oolites' the 
initial stage of ooid formation is by forming a peloid, which is 
subsequently coated by laminae by snowball accretion. This two phase 
growth of ooids, an initial peloid stage subsequently coated by 
laminae by soowball accretion, has also been advocated for a number of 
Phanerozoic OOlitic Ironstones (Chauvel & Guerrak 1989; VanHouten & 
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Purucker 1984). 
Accounting for the fonnation of the oncoids is more difficult as 
similar biogenic structures in other ironstones are rare. Their 
interpretation must be made solely by analogy with carbonate oncoids 
wi thin the Lower Palaeozoic Welsh Basin and by comparison wi th 
published data on biogenic structures in other ironstones. 
Phosphatic oncoids within the Arenig of North Wales (Bolopora 
undosa, Hoffman 1975) occur within grits and conglomerates of the 
basal beds of the Arenig transgression. Their formation has been 
attributed to growth above an unconformity within coarse clastic 
sediments, but with periodic cessation of sediment influx (Roberts 
1979~ Bates 1969). 
Within the North Wales Ironstones two types of oncoids were found; 
small, concentrically laminated, with spongiostranate fabric, and 
larger, irregularly or discontinuously laminated, with both 
spongiostrornate and porostramate fabrics. These correlate with Type A 
and Type B oncoids, respectively, of the Much Wenlock Limestone. 
Oncoids in this limestone have been used as environmental indicators 
(Ratcliffe 1988). Oncoids are constructed by algae and therefore only 
form in conditions suitable to growth; one condition being that 
optimum growth is within the photic zone (although deep water oncoids 
are known) and generally less than sOm water depth (Ratcliffe 1988). 
Type A oncoids, being concentrically laminated, were formed by 
rolling in a continuous high energy envirorunent. By contrast Type B 
oncoids, because of their irregular or discontinuous lamination, were 
intermittently rolled and therefore indicate a more intermittent 
turbulent environrrent. In the North Wales ironstones Type B oncoids 
predaninantly occur in mud-ironstones, but also debris flows,while 
Type A oncoids occur in pack-ironstone lenses in mud-ironstone, and 
Anglesey and Llyn pack-ironstones and float-ironstones. This facies 
control on different oncoid types suggests that oncoids were not 
forrred. at the same location as ooids, but were formed during reworking 
of the sediments. However, oncoids are also particularly abundant at 
Gorddinog (Aber), where they occur above stranatolitic crusts. '!his is 
interpreted as an environment particularly favourable for algal 
activity, and indicates very limited transport of oncoids, as they are 
not found at the main Aber ironstone, lkm away. 
Strcmatolites differ fran oncoids in that they represent in situ 
growth, although with the Sam9 constraining factors for oncoid growth. 
Their presence at Gorddinog and Pensyflog, where they are partially 
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phosphatised, represent hardgrounds on the shoal where they had the 
effect of initially binding the muddy sediment. The fact that these in 
situ stromatolites are not found at the site of main deposition 
indicates the nature of reworking and local transport of allochems 
before final deposition. The presence of ripped up stromatolite crusts 
in the Llyn ironstones debris flows and Aber ironstone further 
supports this hyt;X)thesis. 
Dahanayake & Krumbein (1986) state that micro-oncoids are more 
comrron in oolitic ironstones than previously realised. They advocate 
formation of ooids and micro-oncoids within microbial mats, which 
would produce the necessary reducing microenvironment for charrosite 
formation. Microbial mats would stabilize the sediment surface to an 
extent that resistance to suspension is up to 10 times higher than in 
areas where no mat is fonning (Dahanayake & Krumbein 1986). The to and 
fro lOOtion of grains within the slimy gel-like mat due to current 
action during their formation is one way of forming ooids. 
3.4.4 Sedimentation 
The North Wales ironstones differ fram other oolitic ironstones in 
not showing cyclic sedimentation and cross bedding (Van Houten & 
Purucker 1984; Teyssen 1984). However, the sedimentation of the 
ironstones can be discussed by interpreting the sedimentary features 
that can be seen and then ccmparing these features to other oolitic 
ironstones. 
The North Wales ironstones have been rew::lrked and winnCMed before 
final deposition. The overall upward increasing ooid content and 
decreasing mud content suggest progressive current winnowing. None of 
the ironstones show nore than one' cycle' of sedimentation, apart fram 
Bryn Poeth where half metre thick cycles are present. Within each 
cycle is an increasing ooid content and decreasing mud content, capped 
by a thin grain-ironstone, reflecting on a small scale the overall 
ironstone sequence (except for the grain-ironstone). This small scale 
cyclicity reflects local (autocyclic) controls on sedimentation. 
The lens-like nature of the Betws Garmon pack-ironstone suggests a 
winnowed bar deposi t over muddier sediments, which is also suggested 
by the 'pod I like nature of the other ironstones. However, the lack of 
cross bedding is a conspicuous feature of the North Wales ironstones, 
which distinguishes them fran other, otherwise similar, oolitic 
ironstones. The two occurrences of thick grain-ironstones (excluding 
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Bryn Poeth) both occur in tectonised localities and no sedimentary 
structures in outcrop are seen. In thin section a bimodal grain-size 
difference is apparent, with approximately one phi grain-size 
difference between the two. The Minette ironstone, which is tidal 
current deposited (Teyssen 1984) I show a one phi difference in ooid 
size from deposition from flood currents to deposition from ebb 
currents. This suggests that the North Wales grain-ironstones were 
winnowed and deposited by tidal currents. Even though the 
pack-ironstones show the form of a bar deposit, they do not show this 
grain-size difference, have an uneven mud distribution and contain 
phosphate nodules. By analogy with limestone oolites, active ooid 
shoals are grainstones, and when abandoned form packs tones by 
colonizing fauna which bioturbate the sediment, with an uneven mud 
distribution in the lime packstone (Halley et al. 1983). Ancient 
carbonate oolite bodies may have their sedimentary structures reIIDved 
by homogenization by burrowers (Halley et ale 1983). Therefore 
pack-ironstones may represent bioturbated grain-ironstones, which 
destroys sedilnentary structures (including cross bedding), infills the 
spaces between grains with an uneven mud distribution and nodules may 
represent burrows within the sediment that are infilled by phosphate, 
the randc:m loose packing of ooids representing later infil of the 
burrow. Therefore the ironstones represent a shoaling up sequence with 
an upper tidal bar deposit, which represents shallow water conditions 
(several metres deep - Teyssen 1984; Halley et ale 1983) in a marine 
basin. 
Bayer (1989) noted a grain-size difference between ironstones 
nearest a shoreline containing large 'onkolite like ooids I and those 
further offshore which are finer grained. This is related to winnowing 
of smaller ooids into the more distal environment. Although the North 
Wales Ironstones show the same general pattern of proximal ironstones 
with oncoids not seen in the distal ones, this cannot be related to 
winnowing into a more distal environment as the ironstones are 
isolated deposits. The poorer sorting of the Anglesey and Llyn 
pack-ironstones, reflected by the presence of oncoids, indicates 
conditions rrore favourable for oncoid formation in these ironstones. 
This is rrost likely due to increased algal activity at these 
localities. 
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4 DIAGENFSIS OF THE I~ 
Diagenesis has affected the textures, mineralogy and geochemistry of 
the ironstones, the main minerals formed are apatite, siderite and 
chartDsite. These are COlll'OCln diagenetic phases in other ironstones 
(Maynard 1986). This chapter describes the field relationships, 
tex.tures, mineralogy and geochemistry of each diagenetic phase 
occurring in the North Wales Ironstones. Maynard (1986) described 
ironstone for:mation and ironstone diagenesis, based on observations of 
compositional variations of primary and diagenetic minerals in 
ironstones. A similar approach is adopted here. Diagenesis in 
sediments has been defined by a number of authors (eg. Fairbridge 
1983) and for ironstones (Maynard 1986; Bubenicek 1983; Dimroth 1977, 
1975). DiageneSis in this work is taken as beginning after the final 
deposition of the ironstones (although berthierine formation and 
phosphate nodule formation may pre-date the final deposition of the 
ironstone) and includes burial net.am::>rphism. The ironstones have not 
undergone any significa'1t changes during burial metarrorphism (ranging 
fran diagenetic to low greenschist facies, Figure 1.4), and so is 
included in this chapter. Metascxnatic and hydrothermal alterations of 
the ironstones are described in Chapter 5. 
Diagenetic pyrite as an alteration of berthierine-rich oolitic 
ironstones is CCll'ITOn, as berthierine is unstable even at low sulphide 
activity (Maynard 1983; Young 1989a). However I diagenetic pyrite is 
not seen in the North Wales Ironstones. Pyrite occurs particularly in 
the uppern:ost parts of Ironstone Formations developed in mudstone 
·sequences, and these sulphide bearil)] ex.cursions in the ironstone 
facies often correlate laterally with intervals of resumed or 
accelerated sediment accumulation (Young 1989a).. AIthough pyrite is a 
~ phase in sane of the North wales Ironstones, its textural 
relationships shOW' it to be associated with metasanatism and 
hydrothermal alteration (Chapter 5)", Therefore diagenetic pyrite was\ 
not fo~ in the North wales Ironstones, the reasons for which willf 
, be presented at the end of this chapter. 
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4.1 PEmPHATE DIAGENESIS 
Phosphate is not unique to the Mid-ordovician North Wales 
Ironstones. It occurs within other North Wales sed~nts and other 
Ordovician Ironstones as Arenig ,phosphatic oncoids (Hoffman 1975), 
as Arenig phosphatic nodules (Beckley 1987) , as Caradoc 
phosphatic nodules (Cave 1965), and in European Ordovician Ironstones 
and associated sediments (Young 1988, 1989b). In the North Wales 
Ironstones phosphate occurs either within cham::>sitic and phosphatic 
oncoids, or as phosphatic nodules. In the oncoids the phosphate is 
l'OC>st likely to be of sedimentary origin (Chapter 3). However, nodules 
represent concretionary growth of phosphate in the ironstones. They 
are important since they are critical in understanding diagenetic 
processes in the ironstones, because they preserve textures otherwise 
not seen within the ironstones. Phosphate nodules occur in all the 
Mid-ordovician North wales Ironstones except for the ferrified grits 
of central Anglesey (Fferam Uchaf, Figure 2.2) and in all ferruginous 
facies except grain-ironstones. The occurrence and general description 
of phosphate nodules has been given in Chapter 2. This section gives 
detailed descriptions of the textures and mineralogy of the nodules, 
and discusses possible origins of formation. 
4.1.1 Textures and Mineralogy 
Although nodules occur in all ironstone facies types, excepting 
grain-ironstones, there are differences in nodule morphology between 
different facies types. There is a distinction between nodules in 
pack-ironstones and wacke-ironstones, and nodules in float-ironstones 
and rud-ironstones, which have been disturbed prior to burial 
(especially at Trefor, St. Tudwa1s and Tremadog). In the former, 
nodules have diffuse margins, because the collophane (material forming 
the nodule) merges with the grain-supported ooids (Figure 4.l). There 
is strong deformation of ooids above and below these nodules (Figure 
4.1), and also between nodules when they occur close together (Figure 
3.16). In contrast nodules in float-ironstones and rud-ironstones have 
either sharp or eroded margins (Figure 4.2). They may also have 
embayed edges marking the site of fonner ooids plucked out during 
re'WOrking (Figure 4.3). Nodules with dissimilar internal texture, one 
full of ooids and spicules another barren, may occur adjacent to one 
another. Deformation of ooids around these nodules is not as intense 
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Figure 4.1 Photograph of thin section, magnetite ooidal chamositic 
pack-ironstone, YF-A Betws Garmon (loose grab sample). In situ 
phosphate nodules in ooidal pack-ironstone ( showing magnetite 
(opaque) replacement). Note the diffuse margins of the nodules 
with the surrounding pack-ironstone, strong deformation of ooids 
around, especially above and below, the nodules, the random 
distribution of ooids within the nodules. Ooids within the nodules 
are not replaced by magnetite. 
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Figure 4.2 Photographs of thin sections, a) stromatolitic phosphatic 
float-ironstone in an oncoidal ooidal pack-ironstone matrix, LP72A 
Trefor [SH 3676 4739], b) phosphatic float-ironstone in an 
oncoidal ooidal pack-ironstone matrix, TRVl Trefor [SH 3715 4747]. 
Very large pebble/small cobble-sized reworked phosphatic nodules 
in 'disturbed' pack-ironstone. Note the sharp or broken margins to 
the nooules and only minor uniform deformation around the nodules. 
a) note random distribution of ooids and oncoids within the nodule 
and shrinkage cracks, S, (white) around the ooids and oncoids when 
close together. 
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Figure 4.3 Photomicrograph, phosphatic float-ironstone in an ooidal 
wacke-ironstone matrix, LP33 Creigir Uchaf (St. Tudwals) [SH 2989 
2806]. Large pebble-sized reworked phosphatic nodule in a 
I disturbed' wacke-ironstone. The edge of the nodule is broken and 
embayed, marking the sites of fonoor ooids. Deformation is only 
minor and uniform. around the nodule. White patches in the ncxiule 
are due to abundant sponge spicUles and shrinkage cracks, now 
infilled by secondary cements. Scale bar = lern. 
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and occurs all the way around the ncxiule (Figure 4.2). These nodules 
may show a crude bedding aligrunent, or be reworked and concentrated 
into beds (Tremadog, Figure 2.19). Very rarely stromatolite coated 
ncxiules are seen (Bryn Poeth, Trefor I St. Tudwals, Ffordd Th)u). Wi thin 
mud-ironstones ncxiules are rounded, show both elongation parallel with 
bedding (Bwlch Coch, Figure 2.25), and deformation of the mud around 
the ncx:1ule. Nodules in mud-ironstones do not contain ooids but may 
contain fossil fragments. 
Fossils are not a common feature of the ironstones, although fossil 
fragm:mts are seen within the phosphate ncx:1ules. The most corrrnon 
fossil fragments wi thin the nodules are sponge spicules (Pulfrey 
1933b) (Figure 4.4), although brachiopod fragments (Figure 4.5), 
Girvanella tubes and chitinozoa are also present. Spicules are so 
abundant in sane ncx:1ules that they appear to form a framework for the 
nodule to grow around and infil1. The central canal of some spicules 
has been filled by chamosite mud before the formation of the ncx:1ules. 
The ncx:1ules contain variable amounts of ooids (and oncoids), although 
there is no pattern to their distribution within the ncx:1ules, which is 
entirely random. Nodules do not contain deformed ooids, which are 
found l.rru'oodiately around the nodules. When ooids occur close together 
in the nodules then vugs occur in between the ooids. Usually a thin 
rim of collophane is left atta ched to the ooids (Figure 4.6). These 
vugs are subsequently infilled by a variety of cements. Usually the 
cement is either a rim of apatite needles and then infilled by 
chamosite and quartz, or infilled by siderite. Later cements are 
either calcite or pyrite (St. Tudwals) or stilpnomelane and pyrite 
(Cadair Idris east). 
The material forming the ncx:1ules is cream/brown in colour and is 
very fine-grained. This material is referred to as collophane, and 
generally has a homogenous texture. In the St. Tudwals ironstone can 
be seen to be pelletal. Between crossed nichols the collophane is 
isotropic, but in XRD is highly reflective, indicating that it is 
cryptocrystalline. The principle component of the collophane material 
is apatite. XRD analysis of one nodule which contains no ooids shows 
that the collophane is a fine-grained mixture of apatite with some 
chaIrosite and silica. XRD shows that it is carbonate fluorapatite 
(Francolite) (Appendix 3) and EPMA shows the caO/p205 ratio to be 1.27 
{Appendix 4), which is low compared to to normal francolite (McClellan 
1980). A regression line for calcium and phosphorus from the XRF data 
set has a good correlation (r=O. 968) and runs through the origin 
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Figure 4.4 Photomicrographs a) phosphate nodule within an ooidal 
wacke-ironstone, LP19a Pen y Gaer [SH 2982 2832] I b) phosphate 
nodule within an ooidal magnetite pack-ironstone, CI137 Cross 
Foxes [Sa 7606 1652]. Sponge spicules preserved in phosphate 
noduies. a) cross section of a spicule showing chamosite mud 
infilling the central canal (M) then collophane (P) then later 
cements (C) in a nodule also preserving fragments of spicules (S) 
chamosite peloids' (P) and pyrite (p). b) length section of sponge 
spicule now infilled by later cements. Ooids and peloids in this 
nodule show some replacment by fine-grained magnetite and the 
matrix of the nodule contains disseminated flakes of 
stilpnomelane. Scale bar = Imm. 
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Figure 4.5 Photomicrograph, nodule in ooidal wacke-ironstone, LP19A 
Pen y Gaer [SH 2982 2832J. Brachiopod valve preserved within a 
phosphatic nodule. 
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Figure 4.6 Photomicrograph, phosphatic nodule in ooidal 
pack-ironstone, LP24A Llanengan (St. Tudwals) [SH 2947 2731]. 
Shrinkage cracks in phosphatic nodules around ooids. A thin rbn of 
darker collophane (C) is left attatched to the rim of the 
chamosite ooid, and the vug (V) is now infilled by secondary 
cements (see text for details) including late pyrite (P). Patchy 
appearance of same ooids is due to the thin sectioning of the 
sample. Scale bar = lmm. 
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(Figure 4.7). This indicates that in the ironstones both these 
elements are controlled in one phas~. The carbon dioxide content of 
the carbonate fluorapatite was determined using the peak-pair method 
of Gulbrandsen (1970) fran XRD data, the results show 1.5 wt% CO2 • 
Carbonate fluorapatite is cammon in primary phosphatic rocks (Swett & 
Crowder 1982) and also in ironstones (Maynard 1986i Deans 1938). 
Statistical analysis (Section 3.3.2) shows the control of phosphate 
formation on the trace element compositjon of the ironstones. 
Heirarchica1 cluster analysis groups yttrium, chromium, vanadium and 
strontium with apatite. For chromium and vandium this is a 
geographical effect as the Betws Ga!.TCDn ironstone (10 samples) has 
both a high apatite content, but also a high chromium and vanadium 
content, due to magnetite formation (Section 5.1). However, a 
relationship between apatite and yttrium and strontium would be 
expected as they are both enriched in phosphorites (Altschuler 1980). 
Yttrium shows a good correlation with apatite (y/cao = 0.683, Y!P20S = 
0.651). yttrium either substitutes for calcium in the apatite lattice 
or occurs as the mineral xenotime (Clark 1984), identified within the 
ironstones by SEM with EDAX.. Strontium can substitute for calcium, 
although not in the rhombohedral carbonate lattice (calcite and 
siderite). It Vt'Ould be expected to see a good correlation between 
apatite and strontium, but no such correlation is seen (Sr/CaO r=O.369 
sr/P205 r=O.408). Examination of the XRF data shows that two 
individual ironstone samples with anomalously high apatite contents 
(025 Tremadcg, 040 Bwlch y Cywion) have ananalously low strontium 
values. Not including those two samples strontium then shOYlS a good 
correlation with apatite (Sr/CaO and Sr/P205 r=O.698), suggesting that 
it occurs mainly in this phase. The effect of diagenetic apatite on 
the REE content of the ironstones has been discussed in Chapter 3. 
4.1.2 Interpretation 
Nodules within pack-ironstones and waCke-ironstones represent i!:! 
situ growth. Th.is growth was controlled by the original texture of the 
sediment, indicated by the loose packing of ooids Cand oncoids) within 
the nodule, the cessation of nodule grCMIth against the grain-supported 
matrix, and by the diffuse nature of the nodule margins.. Therefore 
they result fran passive growth in mre loosely packed an<3 porous 
areas within the pack-ironstones, below the sediment/sea water 
interface. The nost likely suggestion for the presence of these more 
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Figure 4.7 Plot of CaO against P205 for the ironstones from the 
geochemical data. This shows a strong correlation between the two 
(r=0.968), the regression line for which passes close to the 
origin, indicating that all calcium and phosphorus virtually occur 
in one phase (apatite). Note t1NO samples (025 Tremadog, 040 Bwlch 
y Cywion) with anomalously high apatite contents. 
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loosely packed areas within pack-ironstones is that they are formed by 
burrowing (Section 3.3.4), a higher phosphate content and organic 
activity associated with bioturbation may have been the nucleating 
point for nodule growth. The textural features of nodules in 
float-ironstones and rud-ironstones indicate that they are reworked 
and eroded sedimentary clasts in 'disturbed' ironstones. This is also 
indicated by the algal coating of same nodules, formed initially below 
the sediment/sea water interface, reworked and then coated by 
stromatolites. Deformation of ooids around nodules, especially above 
and below in situ nodules, indicate deformation of still plastic ooids 
around rigid nodules during burial compaction. As nodules do not 
contain deformed ooids this indicates that all deformation took place 
after nodule formation. In the mud-ironstones, deformation of 
charrosite mud around the nodule indicate that in these sediments too 
growth occurred before burial compaction. 
The presence of fossil fragments, especially sponge spicules and 
brachiopod fragments, within the nodules, not seen in the ironstones, 
suggest that these fragments were present throughout the ironstone. 
Spicule moulds would form in the nodules after solution of the 
siliceous spicule material. However, in the in the ironstone records 
of spicules would be completely removed, unless the spiCUle was 
originally coated by charrosite laminae (Section 3.1). Vugs formed 
around ooids in the nodules are shrinkage cracks. Rims of collophane 
left attatched to the ooids, and the occurrence of vugs only when 
ooids are close together indicate that these are shrinkage cracks and 
not shelter cavities. These shrinkage cracks indicate that the ooids 
have reduced in size during diagenesis. The most probable rnechanism 
for this was by dewatering of chamosite in the ooids (Section 4.5). 
These vugs were subsequently infilled by cercents, giving an indication 
of the timing of the various diagenetic phases (Section 4.6). 
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4.2 SIDERITE DIAGENESIS 
Thermodynamics dictate that siderite is not a primary phase in 
marine sediments (Krauskopf 1979; Berner 1971), although it can occur 
as a primary phase in freshwater environments as bog iron ores 
(Maynard 1983; Krauskopf 1979). Siderite does occur in marine 
sediments as a diagenetic phase (Curtis & Coleman 1986; Berner 1981; 
MatSlIl'roto & Iijirna 1981), and siderite is a ccm:ron 
diagenetic phase in oolitic ironstones (Maynard 1986,1983). until 
recently little detailed work on its petrography or paragenesis had 
been undertaken (Kearsley 1989; Spears 1989). Both diagenetic and 
hydrothermal siderite occur within the North Wales Ironstones. However 
the two can be easily distinguished as diagenetic siderite occurs at 
virtually all localities, as primary cements and replacing matrix and 
ooids (Section 4.2.1), while hydrothermal siderite is found at only a 
few localities, its replacement textures are different to diagenetic 
siderite, and is always accompanied by same Fe-Cu+Zn+As mineralisation 
(Section 5.3). 
4.2.1 Textures and Mineralogy 
Diagenetic siderite occurs only in the upper pack-ironstone, 
wacke-ironstone or float-ironstone facies and in all grain-ironstones. 
Intense siderite replacement occurs in the Porth Padrig ironstone 
(feebly oolitic siderite ironstone), and although textures are quite 
different (see next section) it is still included in the diagenetic 
section. 
There are five different modes of siderite in the ironstones: 
1) primary cementation, 

2) secondary alteration of matrix, 

3) secondary alteration of ooids, 

4) secondary infil of pore spaces, 

5) overgrowth of the oolitic texture. 

Primary cements only occur in the grain-ironstones, as equant, 
clear, non-rhanbic 'drusy' or sparry siderite (Figure 4.8). This 
sideri te does not show a clear epitaxial relationship to the ooid 
substrate. Neither does it show coarsening of crystals into the spaces 
between ooids. 
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Figure 4.8 Photomicrographs a) chamosite ooidal sideritic 
grain-ironstone, PSFI Pensyflog (Tremadog) [SH 5619 3958J, b) 
chamosite ooidal sideritic grain-ironstone, AAlOD Bryn Poeth [SH 
6016 79581. Sparry siderite cemented ooidal grain-ironstones, a) 
with ooids showing splay textures (S) indicating burial compaction 
before cementation and b) dark micritic siderite replacement (M) 
of chamosite ooid laminae, mostly of the outer laminae of the 
oids. The dark outer parts of the photomicrographs are goethite 
replaced, as siderite is especially vulnerable to surficial 
weathering. Scale bar = 5mm. 
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The most common form for siderite to take is as secondary alteration 
of the matrix. This takes the fom of siderite rhombs, on average 
100MID in size, within the matrix of the upper pack-ironstones, 
wacke-ironstones or float-ironstones facies, either as disseminated 
rhombs or as a cluster of rhanbs entirely replacing matrix (Figure 
4.9) • There is a gradation in the matrix between microcrystal! ine 
cemented green chamsite mud with no rhanbs to darker organic-rich 
muds with abundant rhanbs, this uneven mud distribution having been 
discussed in Chapter 3. With more intensive siderite development 
Ij
rhombs also occur disseminated around the edges of phosphate nodules. 
With very intensive siderite development (Pen y Gaer, st. Tudwals), 
siderite also occurs disseminated throughout the nodules but also as 
clusters of rhambs replacing a patch of nodule (Figure 4.10). Siderite 
rhombs in same of the Snowdonia and Cadair Idris ironstones are now 
pseudamorphed by chamosite (Subsection 4.3.1). 
With this increasing sideritisation there is associated secondary 
alteration of the ooids, which also occurs in the grain-ironstones 
associated with cement growth. Initially the first replacement is of 
the ooid rim by dark (possibly due to weathering) micritic siderite 
(Figure 4.8). Further alteration of the ooid is by replacement of 
charosite laminae by micritic siderite. There is a variation in the 
upper ironstone facies between ooids in green chamosite mud and dark 
organic-rich mud. The former have no siderite rhambs and no 
replacement of ooids by siderite. The latter have siderite rhambs and 
show extensive replacement by micritic siderite. 
With intensive sideritisation secondary pore spaces in nodules, 
shrinkage vugs and fossil cavities, are also cemented by siderite 
instead of apatite and chamosite (Section 4.1). Finally the Porth 
Padrig ironstone (feebly oolitic siderite ironstones) is now almost 
totally replaced by interlocking rhombs of siderite overgrowing both 
the ooids and the matrix. The ooids, originally charrosite, are now 
canposed of a rrosaic of silica. 
Deer et ale (1962c) have shown that there is a complete solid 
solution series between sidedte (FeC03 ) and rhodochrosite (MnC03 ) , 
siderite (FeC03) and magnesite (MgC03 ), but only limited substitution 
between siderite (FeC03) and calcite (CaC03) of up to 10-15% calcite. 2+ 2+ .This is due to the size difference between the Fe and Ca 10ns 
(Table 4.1). XRD data for siderites is shown in Appendix 3, a 
canposite of all siderites. As the largest siderite peak d(lOI4) 
overlaps with the d(OOS) chamosite peak, the relative intensities of 
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Figure 4.9 Photomicrograph, ooidal wacke-ironstone, LP24D Llanengan 
(St. TUdwals) [SH 2947 2731]. Siderite rhornb replacement of 
chamositic matrix. Pleochroic rharnbs of siderite replacing a patch 
of dark organic-rich chamositic muddy matrix. This darker matrix 
can be seen between ooids to the right, where one or two siderite 
rhombs occur. Scale bar = Imm. 
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Figure 4.10 Photograph of thin section, ooidal pack-ironstone with 
mud-ironstone lenses, LP22A Pen y Gaer [5H 2990 2821]. Diagenetic 
siderite replacement of phosphatic nodules. Both nodules show a 
pale reaction rim (R) of disseminated siderite rhombs, and the 
upper nodule shows patches within the nodule entirely replaced by 
siderite (5). Note deformation of ooids above and below the 
nodules and especially in between the two, but with little or no 
deformation to the side of the rhomb. The darker lenses within the 
section are very organic-rich chamositic mud. The cross-cutting 
veins contain mostly coarsely crystalline chamosite with same 
quartz. 
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the siderite peaks cannot be dete~ned. However, Curtis et ale (1975) 
have shown that the d (1014) peak for sidedte can vary with ionic 
substitution. This depends on the size of the ion substituting for 
2+Fe and therefore expands or contracts the cell dimensions. End 
member d(lOI4) peaks and ion sizes of the rhombohedral carbonates are 
shown in Table 4.1. 
IONIC RADII CARBONATE d(lOI4) SPACINGS 
Mg2+ 0.066nm Magnesite O.274nrnF 2+ O.074nm Siderite O.279nrne2+ O.OSOnm Rhooochrosite O.284nmMn2+ 
ca O.099nm calcite O.3035nm 
Table 4.1 Ion sizes and d(1014) spacings for the end members of the 

siderite-rnagnesite-rhooochrosite-calcite series. 

Examination of the XRD data shows that for the St. Tudwals siderites 
d(IOI4) = O.279run and for the Bryn Poeth siderites d CIOI4) = 
O.2S0-0.2Slnm. The St. Tudwals siderites usually show Mg and [Ga+Mn] 
in the same proportion (see below) so the unit cell does not change. 
However, the Bryn Poeth s ideri tes show high [Ca+Mn] and low Mg 
substitution (see below) so an expansion of the unit cell is seen. 
EPMA analyses of siderites fran the Bryn Poeth (1 PTS), Trefor (1 
PTS) and St. Tudwals (3 PTS) ironstones are given in Appendix 4. 
Analyses are plotted on a triangular diagram [Fe+Mn] C03' CaC03, MgC03 
(Figure 4.ll). There is a clear distinction between the Bryn Poeth 
siderites and LlYn peninsula siderites in that although both roughly 
have the same magnesium content, Bryn Paeth siderites have much higher 
substitution by calcium (plus a higher manganese substitution not 
shown on Figure 4.11). 
Different siderite modes have been analysed by EPMA. These are 
siderite rhambs, siderite cements and micrite replacing ooids 
(Appendix 4), although analyses are only available for the latter fram 
Bryn Poeth. For the Trefor and St. Tudwals ironstones there is little 
difference between rhamb and cement compositions. The overall trend of 
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Figure 4.11 EPMA analyses of diagenetic siderite from Anglesey 
(squares) and the Llyn Peninsula (circles). The siderites show no 
compositional variation with morphology, r=rhomb, c=cement, 
o=ooid. Instead the LlYn siderites show a compositional trend 
toward a more magnesian-rich canposition. The Anglesey siderites 
shaw a trend away from the LlYn siderites toward a more 
calcium-rich camposition (see text for further details). 
10 90 
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changing siderite canposition is unaffected by the mooe the siderite 
takes. However, for the Bryn Poeth ironstone there is a marked 
difference (based on only a small number of analyses) between rhambs 
and secondary cements and micrite replacements. Siderite rharnbs have a 
much higher Mn content than secondary cements or micritic siderite. 
4.2.2 Interpretation 
Siderite cementation and alteration is a fabric selective feature; 
the main control on the distribution of siderite is the porosity of 
the ironstones. The porosity of the ironstones allowed the movement of 
diagentic pore waters which, to precipitate siderite, must have been 
iron-rich, alkaline and reducing. The composition of siderite also 
gives an indication of the diagenetic history of the ironstones, as 
mineral composition reflects pore water canposition (Curtis et ale 
1975, Matsumoto & Iijima 1981). 
For a sparry ceITBnt to form in grain-ironstones mud was clearly 
absent. Large equant siderite grains with no preferred orientation 
indicate slow formation of these cements from low levels of 
supersaturation (Berner 1980). The uneven distribution of siderite 
rhombs in the matrix of the ironstones is primarily a porosity 
control. However, the darker muds where rhombs are abundant are also 
rich in organics, the reduction of which would provide bicarbonate 
ions for siderite formation. In these darker muddy patches ooids also 
show secondary alteration by micritic siderite. With more reduction of 
organic matter there would be increased activity of bicarbonate ions 
in the pore waters. These bicarbonate-rich pore waters are highly 
corrosive to silicates (Burley et ale 1985) and so are capable of 
reacting with the matrix to form siderite rhombs, and with the rims of 
ooids (the part of the ooid first in contact with the pore waters) to 
form a micritic replacement. These pore waters are the most likely 
mechanism for the solution of siliceous spicule material. The 
formation of moulds in nodules implies that this occurred after nodule 
formation. With further bicarbonate activity there is selective 
replacement of ooid laminae by micritic siderite, reflecting different 
microfabrics between ooid laminae. More porous and coarsely 
crystalline phyllosilicate laminae are very susceptible to reaction to 
pore fluids (Kearsley 1989). EPMA analyses of siderites rhombs and 
micrite from the Bryn Poeth ironstone indicate that rhombs formed 
before micrite. Analyses of rhambs and micrites indicate that rhombs 
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have a much higher manganese content than micrite. Siderite scaveng~~ 
any available manganese suggesting that rhanbs were the first roode to 
form. 
'ttle composition of sideri tes reflect the canposi tion of the pore 
waters at the time of their formation. Curtis et a1. (1975) arlCl 
Matsumoto & Iijirna (1981) have shown that early formed siderites ha~~ 
a high Fe and Mn and low Ca and Mg content, and later siderites have ~ 
lower Fe and Mn and higher Ca and M'J content, as if at the Fe-rich end 
of a mixing line between siderite and dolomite. Analysis of the Nort:~ 
Wales Ironstones siderites do not show this trend. All siderites ha"~ 
approximately the sane magnesium content, and the manganese content 
most likely represents scavenging of available manganese by siderite .. 
The high values of calcium for the Bryn Paeth siderites are therefor~ 
enigmatic. They do not represent surficial weathering, a process whictl 
would leach magnesium and therefore relatively enrich iron a~c! 
calcium. Either it represents higher pore water contents of calcium ~~ 
the time of diagenesis or a later enrichment by calcium. The S t ­
Tudwa1s ironstone was originally contained sane calcite, as calci te 
Girvanella tubes and late ferroan calcite cements are present ... 
However, this is not reflected by the siderite compositions, which are 
calcium poor. Therefore the Bryn Poeth siderite c~ositions most 
likely reflect later enrichment by calcite. As Carboniferous Limestorl~ 
occurs approximately 60m above the Bryn Poeth ironstone (Greenly 
1919) this is the most probable mechanism. 
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4.3 owo;ITE DIAGENESIS 
All berthieroid material in the ironstone is now present as 
chaIOOsite (~AIPEA 1980). No berthierine has been detected in any 
of the North Wales Ironstones. Petrographic observations of secondary 
cements give an indication of the remobilisation of chamosite during 
diagenesis. Mineralogical analysis of compositional and structural 
changes detail mineralogical changes undergone by chanosi te during 
burial diagenesis and metarnorphisrn. Throughout this thesis it is 
assumed, as there is no direct evidence, that at the time of 
deposition and diagenesis the berthieroid material was present as 
berthierine, and was subsequently converted to chamosite during burial 
metarrorphisrn (Hughes 1989; Maynard 1986; Velde 1985; Van Houten & 
Purucker 1984; and references therein). 
4.3.1 Petrography 
Chamosite occurs in the ironstones in five different modes: 
1) Allochans, 
2) Mud matrix, 
3) Secondary cements, 
4} Siderite pseudomorphs, 
5} Veins, 
Allochems and mud matrix are both sedimentary in orig in and were 
converted fran berthierine to charcosite during burial met.arrorphism, 
discussed in m:>re detail later in this chapter. The petrographic 
description of the chamosite allochems and mud matrix is given in 
Chapter 3. The last three nodes of chaIrosite are demonstrably 
diagenetic in origin. It will be later shown that secondary cemnts 
and siderite pseudamorphs were fonned as berthierine, and were also 
later converted to chaIOOsite (Section 4.5). 
Chamosite secondary cements are nost cCllll'Only seen in the phosphate 
nodules, but also IOOre rarely occur as void inf:ills in the matrix .. 
Within the nodules chanosite cements occur within shrinkage cracks and 
fossil cavities. Unless these vugs are filled by siderite (Section 
4.2) the first phase is a rim of apatite needles, followed by either 
blades of chamosite infilling the vug, or intergrowths of chanosite 
and quartz. Secondary cenents are seen at all localities but secondary 
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cerrents in the ma.trix are only seen at Betws Garm:m and Cadair Idris 
east. The vugs in the matrix are the result of the dissolution of ';, 
·ooids. Chamosite in these vugs occurs with pyrite, stilpnamelane and 
" 
'··.. ....·.··1·,··,. 
quartz. Chamosite pseudanorphing siderite is seen at Trefor, Betws 
Ganron and Cadair Idris, where fonner rhombs of siderite are now 
infilled by interlocking blades of chanosite. Chamosite in cross 
cutting veins is seen at Trefor and St. Tudwals, and as chamosite rims 
of quartz veins at Aber (Figure 4.12). 
4.3.2 Mineralogy 
The mineralogy of chamosite in the North Wales Ironstones has been 
studied using XRD and EPMA techniques. The location of the 25 samples 
analysed by XRD are shown in Appendix I and the results in Appendix 3. 
The location of the 16 samples analysed by EPMA are shown in Appendix 
1. The EPMA analyses, with 5 to 15 spot analyses of charrosite from 
each polished thin section, is given in Appendix 4. This also includes 
methodology to ensure that mixed mineral spot analyses are excluded. 
XRD analysis shows the only iron-rich sheet silicate in the 
ironstones (excluding metasomatic stilpnamelane) to be chamosite. EPMA 
analysis confirms that they are iron-rich aluminous chlorites. As is 
typical for iron-rich chlorites, the d(OOl) and d(003) peaks are very 
weak and the d(002) and d(004) peaks very strong. Identification of 
the chlorite polytypes (Brindley & Brown 1980: Hayes 1970) indicates 
that virtually all samples are the Ib (B=90o) polytype, characterised 
by a large d(202) peak at approximately 0.25nm (Figure 4.13). Only two 
samples (AB002, Aber and CII04, Foxes Path) showed the lIb chlorite 
polytype (Figure 4.13), which differ fran the Ib (B=90o) chlorite 
polytype in the 0.21-0.28nm region. 
Appendix 4 shows different rrOOes of chamosite analysed by EPMA 
(ooids, ooids in nodules, deformed ooids, cements, veins). However, 
the variation in chamosite composition is not related to these 
different modes. The variation in chamosite composition is best 
presented by plotting tetrahedral substitution of silicon by aluminium 
against octahedral substitution between iron and ma.gnesiwn (Hayes 
1970; Curtis et ale 1985). Figure 4.14 defines the main fields of the 
different sedimentary chlorite po1ytypes and their evolutinary 
pathways (Curtis et al. 1985). The North Wales chamosites have little 
variation in octahedral substitution of iron by ma.gnesium but a large 
variation in tetrahedral substitution of silicon by aluminiwn. North 
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Figure 4.12 Photomicrograph crossed polarised light, vein material, 
AB002 Aber [SH 6699 7296]. Large blades of chamosite forming a rim 
to the quartz vein from the edge of the ironstone, and showing a 
lIb chlorite polytype XRD trace (Figure 4.13). 
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Figure 4.13 XRD traces showing the two different chlorite polySypes 
for the ironstones. Top (FDI Ffordd Ddu) showing a Ib(B=90 ) 
chlorite polytype and bottom (AB002 Aber) showing a lIb polytype. 
See Appendix 3 for details of XRD data. 
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Wales charnosites from all localities plot on the Fe-rich end of Figure 
4.14 and are shown in Figure 4.15. 
The composition of the North Wales chamosites vary from an initial 
'berthierine-like' composition to a 'lIb-like' composition when 
compared to the compositional fields defined by Curtis et ale (1985). 
This variation in composition can be related to trace element content 
and variation in chamosite crystallinity. An indication of the 
crystallinity of chamosite can be achieved by measuring A 29 half 
height peak width of the d(002) peak. This gives a semi-quantitative 
value of chamosite crystallinity to confirm empirical observations 
from XRD traces. The only samples with a 'berthierine-like' 
canposi tion are from Cadair ldris (Figure 4.15). This includes both 
samples from Cadair Idris west (CI & Cll) and a magnetite-rich 
pack-ironstone from Cadair ldris east (CI137). These show no variation 
in octahedral substitution of magnesium by iron, but a large variation 
in tetrahedral substitution of silicon by aluminium over the 
berthierine compositional field. Overall they have low tetrahedral 
aluminium totals (average Al(T)=1.94). An average analysis of Cadair 
ldris chamosites shows high silicon and ferrous iron values, low 
aluminium values, the presence of vanadium, chromium, manganese and 
potassium within the chamosite lattice I and low (11.82) octahedral 
totals (Table 4.2). The chamosi tes have a poor crystallinity (D,29=O. 6 ) 
and the d(OOl) peak is absent, the presence of an d(003) peak 
indicating it is chamosite and not berthierine. 
Same samples have a composition transitional between a 'berthierine­
-like' and 'IIb-like' composition. These are a stilpncmelane-rich 
wacke-ironstone fran Cadair Idris east (CIl30c), an oncoidal 
float-ironstone in ooidal wack-ironstone lenses within a mud-ironstone 
from Bryn Poeth (AAlOC), a magnetite-rich pack-ironstone (YF-A) and an 
oncoidal wacke-ironstone (YF-B) both from Betws Garmon (Figure 4.15). 
These all show little variation in octahedral substitution of 
magnesium by iron (although IT-A has a high Fe content) but some 
variation in tetrahedral substitution of silicon by aluminium (average 
Al(T)=2.45). Compared to the other Cadair Idris chaIOOsites they are 
more crystalline (A 29=0.5), trace elerrents analysed for are absent 
(apart from same Mn) and have lower silicon and ferrous iron values, 
higher aluminium values and higher octahedral totals (Table 4.2). 
The rest of the samples have a 'lIb-like' composition, although they 
are all Ib(B=90o ) chlorite polytypes. The exception to this is the 
chamosite vein material from Aber (Figure 4.12) which has a lIb 
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chlorite polytype XRD trace (Figure 4 13) Alth h th .
•• oug ere 1S some 
variation in octahedral substitution, the main variation is still in 
tetrahedral substitution of silicon by aluminium (average Al(T}=2.72). 
These chamosites are the roost crystalline (.1l29=O.4), trace elerrents 
analysed for are absent (apart fran sane Mn), have aluminium and 
silicon values al.Irost equal to each other and have high octahedral 
totals (Table 4.2). 
Hughes (1989) has studied berthierines fran Jurassic ironstones and 
Ordovician chamosites fran Betws Garrron and Trernadog by analytical 
transmission electron microscopy (ATEM). He has shown that the North 
Wales charrosites are crystalline with much larger crystallites than 
berthierine. The crystallite grain sizes for chamosite are fram 0.1 X 
1.5 )JI1l to 0.5 X 2.0 )..lID. Plotted on Figure 4.15 the ATEM results of 
Hughes (1989) agree closely with the EPMA analyses in this study. 
4.3.3 Discussion 
All chamosites are Ib(B=90o} polytype, except for two samples AB002 
(Aber) and CIl04 (Foxes Path), which are IIb chlorite polytypes. 
Sample AB002 is a chamosite rim to a hydrothermal quartz vein. 
Therefore the chamosite was precipitated at high temperatures and so 
directly formed a lIb polytype. This charrosite vein material has the 
same composition as chamosite fran the ironstone, indicating that the 
vein material fonned in chemical equilibrium with the surrounding 
rock. The IIb charrosite polytype fran Foxes Path, an ooidal 
wacke-ironstone, is more problematic. The ironstone occurs below a 
granophyric intrusion which, by contact met.arcorphism, may have formed 
a lIb polytype (Section 5.5). 
The compositional and structural variation in the chamosites is fram 
an initial 'berthierine-like' composition, with low tetrahedral 
aluminium values, low octahedral totals, high silicon and ferrous iron 
contents, contain appreciable potassium, chranium and vanadium in the 
ch.anosite lattice, and with poor crystallinity. With maturation the 
chaIrosites evolve toward a I IIb-like' ccxnposition, with high 
tetrahedral aluminium contents, high octahedral totals, silicon and 
aluminium values equal, no trace elements in the cham::>site lattice, I 
.~and with high crystallinity. The compositional and structural changes 
I 
described above can be related to the maturation of charoosite with 
burial diagenesis and metamorphism (Section 4.6). Only at two 
ironstone localities, Cadair Idris and Bryn Poeth, can the variation 
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Ffordd 
OOu 
cn 
n 11 
MgO 1.557 
Al203 15.553 
Si02 26.109 
K20 0.164 
V203 0.102 
Cr203 0.126 
MnO 0.199 
FeO 46.430 
Si 6.021 
Al(T) 1.979 
Al(O) 2.249 
Al 4.228 
K 0.048 
M;j 0.535 
V 0.019 
Cr 0.023 
Mn 0.039 
Fe 8.955 
OCT 11.820 
TOT 19.820 
0.944Y 
Bryn Bryn Aber 
Poeth Paeth 
M.I0C M.lOE AB002 
6 4 6 
2.757 2.462 2.088 
19.486 20.382 21.247 
24.362 23.422 23.327 
- -
 -
- 0.193 0.150 
43.187 43.358 44.458 
5.527 5.333 5.240 
2.473 2.667 2.760 
2.740 2.803 2.867 
5.213 5.470 5.627 
-
0.933 0.836 0.699 
-

- 0.037 0.029 
8.195 8.257 8.352 
11.868 11.933 11.947 
19.868 19.933 19.947 
0.898 0.908 0.923 
Table 4.2 Average analyses of chamosites from Ffordd Dd.u, Bryn 
Paeth (wacke-ironstone), Bryn Paeth (Pack-ironstone) and Aber 
showing averaged EPMA analyses (n = number of analyses) and mineral 
formula calculations (based on 36 oxygens), octahedral total, 
mineral total and Fe/[Fe+Mg1 ratio (y). 
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in canposition and structure be shown to be controlled by additional 
factors to burial metamorphism. 
At Cadair Idris the majority of the chamosite analyses have a 
berthierine-like canposition. These are two samples from Ffordd Ddu 
(Cadair Idris west) and a magnetite-rich pack-ironstone fran Cadair 
Idris east (Cross Foxes and Ffordd Ddu). The other sample is a 
stilpnamelane-rich wacke-ironstone from Cadair Idris east, and has a 
canposition on the edge of the 'IIb-like' field. This difference in 
cham::>site canposition has been detailed in Chapter 5. The 
magnetite-rich sample shows magnetite replaces the matrix around the 
ooids. This substantially reduces its porosity. Therefore chamosite 
can undergo no further reaction once magnetite has replaced the 
matrix, and so retains an initial 'berthierine-like' composition. By 
contrast stilpnomelane reacts with charrosite during its formation. 
Therefore during the metasomatic reactions, due to the dolerite 
intrusion above the Cadair Idris east ironstone (Chapter 5), chamosite 
can mature. 
The two chamosite samples fran Bryn Poeth (AAlOC & AAlOE) show an 
evolution in composition towards a 'lIb-like' composition. Plotted on 
Figure 4.15 they show a strong positive correlation (r=O.906) between 
a large increase of tetrahedral aluminium substitution with a small 
octahedral iron substitution. The polished thin section containing 
chamosite with the lower tetrahedral aluminium values and lower 
octahedral totals is a mud-ironstone with ooidal and oncoidal lenses. 
By contrast the chamosite in the ploished thin section with the higher 
tetrahedral aluminium values and octahedral totals is from an ooidal 
pack-ironstone. Both samples are from the same locality, therefore it 
is unlikely that burial metarrorphism alone would account for this 
difference in composition. The mud-ironstone with oncoidal and ooidal 
lenses would have a reduced porosity in canparison to the 
pack-ironstone. Therefore during burial metarrorphism there would be 
less maturation of cham::>si te in the mud-ironstone. 
The Ffordd Ddu chamosites do not show a correlation between 
cha.n:nsi te maturity and conditions of metamorphism. The Ffordd Ddu 
channsites show the lowest levels of maturation, but illite 
crystallinity studies (Robinson & Bevins 1986) place the Cadair Idris 
region in the highest grades of met.am:::>rphism (Epizone ). This would 
either indicate that chamosite is not affected by burial metamorphism 
(Section 4.6) or that illite crystallinity values were rrUsinterpreted, 
due to the effects of dolerite and granophyric intrusions in the area. 
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The question then raised is why porosity should affect the maturity 
of chamosite. It has been shown that sedimentary chlorites have higher 
Si and lower octahedral totals than those stable at higher 
temperatures (Curtis et ale 1985). It has been suggested that this 
change in composition is either by the elimination of residual 
smectite from chlorite, or by modifying the composition of the 
tetrahedral sheet by the incorporation of aluminium or elimination of 
silicon (Curtis et ale 1985). Despite the fact that inrnature North 
Wales chamosites are siliceous and contain minor potassium (Ffordd 
Ddu), it is unlikely that there are smectite interlayers in the 
charrosite structure. This is because berthierines and North Wales 
charnosites do not show any change in the basal spacing positions with 
heating (Brindley & Youell 1953; Weinberg 1973). Therefore the North 
Wales chamosites change composition by either loosing silicon or 
incorporating aluminium. Of these two processes it is most likely to 
be the elimination of silicon from the tetrahedral sheet, as 
geochemically aluminium is effectively imrobile. Therefore it would be 
easier for chamosite to loose silicon (and iron - Table 4.2) than gain 
aluminium. This would explain why differences in porosity would 
control the variation in chamosite maturation. 
4.4 SILICA DIAGENESIS 
Quartz crystals occur in voids in the phosphate nodules, conm:mly 
intergrown with cha.rrosite and therefore late diagenetic in origin. 
However, significant arrounts of silica are present in the ironstone 
(from XRD data) despite the fact that no visible quartz is present in 
thin section. EPMA analyses of cham::>site in ooids occasionally show 
same mixing with silica, indicating that quartz is present within the 
ooids, although it is too f ine-grained to be visible. One unusual 
feature is the presence of quartz-rich ooids in some ironstones. They 
have the appearance of original charrositic ooids now replaced by 
silica. They occur only in the Ffordd Ddu and Tremadog ironstones. 
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4.5 Dlsa.JSSION 
The main control of diagenesis in the North Wales Ironstones is 
their porosity. This controls the distribution and maturation of the 
diagenetic phases, and the composition of the interstitial pore 
waters, which dictate the composition of the diagenetic phases formed. 
The ccmpositions of carbonates, silicates and phosphates in oolitic 
ironstones are similar to those reported for early diagenetic minerals 
fran other types of sedimentary rocks, indicati~ that ironstone 
formation does not require unusual chemical conditions other than a 
large supply of iron (Maynard 1986). The earliest diagenetic reactions 
in Phanerozoic Ironstones can involve phosphatisation of the 
ccmponents of the ironstones, and often the extensive generation of 
siderite (Young 1989a). Siderite generation occurs at various times 
fram very soon after deposition until later burial diagenesis. Early 
siderite is often influenced by the presence of bioturbation (Young 
1989a). Therefore the diagenetic reactions in the North Wales 
Ironstones are not unique but cammon to many other ironstones. 
4.5.1 Controls of Phosphate Diagenesis 
The main controls of phosphate formation are a supply of phosphorus, 
.. d 1 2+. .a low sedlmentatlon rate an a ow Mg lon concentratlon, as 
magnesium inhibits the precipitation of phosphate (Martens & Harriss 
1970). The lack of clastic dilution in the North Wales Ironstones 
indicates a low sedimentation rate. The sediment, predorrUnantly iron, 
silicon and aluminium rich, had a low magnesium content. The source of 
the phosphorus is uncertain, the rrost frequently evoked rncx:le1 for 
phosphorites involves upwelling of deep oceanic water which is rich in 
phosphorus. However, Kran & Berner (1981) have noted that in the upper 
lOem zone of fine-grained sediment, phosphorus is released fran ferric 
hydroxides on the reduction of the iron. Marshall (1983) advocated 
that the source of phosphorus in offshore ferruginous sediments are 
the iron-rich sediments themselves. Soil iron oxides can adsorb 
phosphorus by ligand exchange reactions (Taylor 1987). I"lTIOOdiately 
below the sediment/sea water interface the reducing conditions 
established would reduce the iron and so release phosphorus. Another 
form of phosphorus release may be by algae (Slansky 1986), which were 
abundant in the ironstones (Section 3.1). An indication of this source 
of phosphorus in the North Wales Ironstones is given by the chemical 
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composition of the grain-ironstones fram Aber. The average phosphorus 
content of the grain-ironstones is 1.2% P205 compared to an average of 
3.5% P205 for the ironstones. This indicates that the grain-ironstones 
contain same phosphorus, originally as adsorbed phosphorus on iron 
oxide/kaolinite complexes, even though they contain no nodules. 
The most favourable site for phosphorite formation lies just below 
the sediment/sea water interface and in slightly reducing to oxidizing 
conditions, near the boundary of the 02 minimum layer. In these 
conditions apatite can precipitate directly fram interstitial waters 
(Slansky 1986). The nodules in the North Wales ironstones also formed 
just belOYl the sediment/sea water interface, indicated by the ease 
with which they can be re\VOrked. Other mechanisms for apatite 
formation are by direct replacement of carbonate material and by 
pelletal phosphate. The former is unlikely as little carbonate 
material is present within the ironstones. Pelletal phosphate plays 
only a minor role in the formation of phosphorites (Slansky 1986), 
although same of the nodules (particularly the St. Tudwals) do have a 
pelletal appearance. 
Slansky (1986) has also shown the importance of humic acids in the 
formation of phosphates. Humic acids coating quartz and clay surfaces 
can trigger apatite precipitation fran pore water solutions. The 
nodules in the North Wales Ironstones are a fine-grained intermix of 
apatite, cha:rI()si te and quartz. This may indicate the irrportance of 
this process in nodule formation. It has been shown that nodule 
formation is also related to bioturbation. This would naturally be 
accanpanied by a higher organic content, and would result in higher 
humic acid activity. 
4.5.2 Controls of Siderite Formation 
Fram thermodynamic considerations, the diagenetic conditions 
necessary for the formation of siderite are a supply of Fe2+, high 
HCO- activity, low Eh (reducing) activity and zero s2- activity 
(Berner 1971). Additionally, siderite cannot form in waters rich in 
calcium, for siderite to be stable the concentration of Fe2+ must be 
2+5% greater than that of Ca • However, siderite is stable in the 
presence of low amounts of sulphide if, in the therm:xlynamic 
equilibrium reaction, Fe(OH)3 and FeS phases are used instead of 
haematite and pyrite (Maynard 1983). 
Iron oxides become unstable in the reducing environment beneath the 
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sediment/sea water interface, and sidedte develops mostly fran these 
hydrated iron oxides in the sediment detrital fraction (Oertel & 
Curtis 1972). The mechanism for this reduction of goethite or hydrated 
iron oxides is given below (Curtis 1985; Curtis et ale 1985): 
Reduced iron (fran above) forms in alkaline conditions with high 
bicarbonate activity, ideal conditions for siderite formation. 
Therefore increased organic content would continue iron reduction and 
bicarbonate generation and would therefore fom more siderite. Those 
North Wales Ironstones with intensive siderite replacement (eg Pen y 
Gaer) therefore had a greater original organic content. Evidence of 
algal activity in these ironstones indicate a higher organic content. 
Siderite diagenesis in the North Wales ironstones does not occur 
irrmediately after burial as it has been shown that siderite forms 
later than apatite. The major problem of interpreting siderite 
formation in sediments is that with organic bacterial reduction occurs 
sulphate reduction to fom sulphide ions and pyrite (Berner 1981). 
Therefore serne mechanism has to be proposed to form bicarbonate ions 
without the formation of sulphide ions. One mechanism evoked is that 
of rapid deposition rerroving the sediment fran effective diffusive 
contact fran sea water which contains the sulphate (CUrtis et ale 
1975; Weinberg 1973). This mechanism is unlikely in the ironstones as 
they had a slow deposition rate and were reworked. 
Spears (1989) considers that during reworkiI¥J of the ironstone 
considerable organic matter suitable for bacterial sulphate reduction 
is lost. Any remaining material may survive into the post-oxic zone 
(Berner 1981) and be suitable for fennentation. Stable isotope data 
(C13 ) would help to clarify this situation by differentiating between 
oxidation processes which are isotopically light (C13= -15) and 
fennentation processes which are isotopically heavy (Cl3= +15) 
( 3) th abo ... 1 th F 2+ dMaynard 198 • Fran e ve reactlons 1 t 1S C ear at e an 
HC03 are produced during berthierine formation. However, siderite did 
not start to form until after burial, indicating that inhibition by 
sulphate/sulphide ions was rerroved by burial of the sediment and 
removal of pore water contact with sulphate-rich sea water. The muddy 
nature of the ironstones and the blanketing of the ironstones by muds, 
may have effectively prevented diffusion of sea water into the 
ironstones. 
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Once formed these carbonate-rich pore waters are highly corrosive to 
silicates (Burley et ale 1985). Therefore they are capable of reacting 
with the matrix and forming siderite rhombs, with ooids to form 
micritic cements, and are responsible for forming solution moulds in 
nodules by dissolving the siliceous material of spicules. 
4.5.3 Controls of Berthierine/Chamosite Diagenesis 
It is uncertain at what stage in the diagenetic sequence berthierine 
formed in the North Wales Ironstones, either after burial, before 
burial or before ooid formation. From discussions in Section 6.1.2, it 
is implied that berthierine formed before the formation of ooids. In 
the reducing conditions established in the ironstones below the 
sedllnent/sea water interface, berthierine would continue to be stable 
and would preserve its ferrous oxidation state. Much dewatering of the 
ironstones has occurred during early diagenesis, as muds have a high 
initial water content. The ooids, when formed, had a significantly 
lower water content as ooid formation ordered the chamosite so 
expelling much intergranular water. It is assLl.lOOd here that 
berthierine initially had little change of composition, but much 
dispelling of intergranular and interstitial water (Maynard 1986). 
With this occurred increased ordering and crystallinity of 
berthierine. Dewatering of ooids in the North wales ironstones is 
indicated by the shrinkage cracks around ooids in nodules. 
Maynard (1986) analysed the nuclei and cortices of berthierine ooids 
and showed that berthierine in the nucleus of the ooid had a higher 
water content and lower octahedral total than the berthierine in the 
cortex. The main control on dewatering (and therefore crystallinity) 
would therefore be porosity_ The control of porosity on canposition 
and structure of chamosite has been shown in the Bryn Poeth ironstone 
chamosite compositions. Sirralar controls are seen in other ironstones 
where other controls of porosity, such as magnetite, also take effect. 
The presence of potassium in the berthieroid lattice (Hughes 1989; 
Maynard 1986) is problematic. It has been shown that minor amounts of 
smectite interlayering do not occur in berthierines and charrnsites 
(section 4.3). 'ttlerefore potassitnn must be acccmrod.ated in the 
cham::>site lattice. Chlorites have a theoretical octahedral total of 
12.0 (Deer et al. 1962b). Bethierines and the North Wales chamosites 
have octahedral totals less than 12.0 (Maynard 1986), indicating 
vacancies in the chaIrosite lattice. The presence of such vacancies in 
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the lattice, accompanied by charge imbalances pcx>r crystallinity, 
would allow the incorporation of potassium in the interlayer sites. 
With increasing crystallinity and octahedral totals potassium can no 
longer be accomrrodated and so is expelled. 
The presence of chamosite in shrinkage cracks and fossil vugs within 
the phosphate nodules indicate that the original bicarbonate-rich 
solutions later becane rrore acidic, although still under reducing 
conditions, to produce berthierine cements. The presence in the 
St.Tudwals ironstones of siderite cements infilling pore spaces in the 
nodules may indicate one of two things. Either bicarbonate activity 
was high enough to penetrate the nodules associated with siderite 
rhanbs at the edges to the nodules to infi! the pore spaces. Or all 
nodule cavities had an original siderite cement, which were later 
removed by the more acidic pore waters. This latter texture is 
indicated by the stranatolite coated sponge at St.Tudwals (Figure 
3.9), where ~le central part is infilled by siderite cement while the 
outer part is apatite, chaIrosite and silica cemented. Possibly both 
these processes occurred within the ironstones although it is more 
likely that with low levels of bicarbonate activity pore waters did 
not penetrate the nodules. The presence of chaJrosite pseudanorphing 
siderite indicates the action of later acidic pore waters dissolving 
out siderite. 
The source for the later acidic silica-rich pore waters is also 
problematic. One source may be from the dissolution of charrosite by 
siderite precipitating pore waters. Another may be the release of Fe 
and Si during the changing composition of chamosite to a more 
tetrahedral aluminium rich composition. However, the cements formed 
before burial diagenesis, before the change in charrosite cCl11pOsition 
(Section 4.6). A more likely source is silicon-rich pore waters 
derived from the muds adjacent to and beneath the ironstones. 
It has been shown (Iijima & Matsurroto 1982, Schoen 1964, Velde et 
ale 1974, Ve1de 1985, Curtis et al. 1985) that berthierine transforms 
to chamosite under late diagenetic conditions, at temperatures of 
1500 C (Schoen 1964), 130-160oe (Iijirna & Matsum::>to 1982) or lOOoe 
(Velde 1985), under normal pressures and temperatures. The mechanism 
for this conversion is unknown, although one suggestion (Whittaker 
pers. comm. in weinberg 1973 p169) is that firstly the basal layer of 
the hydroxyl sheet is deprotonated, and secondly the rrovement of a 
silicon atan, which only involves the breaking of one Si-Q bond per 
tetrahedron. ChamJsite only starts to change cOOlpOsition once it has 
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been converted to a 1.4nm chlorite. Therefore the compositional 
variation of charrosite reflects post-diagenetic changes only. The 
Ib(B=90o) polytype is the most stable of the Ib chlorite polytypes 
(Hayes 1970). This structure can persist in the burial environrrent 
until enough energy is available to cause convertion to a lIb 
polytype. This happens with the thermal energy usually associated with 
low-grade metamorphism, at l50-200oC assuming normal temperatures and 
pressures (Hayes 1970). 
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4.6 TIMING OF DIAGENESIS 
The main diagenetic phases in the North Wales Ironstones have been 
dsecribed and discussed in the previous sections. 'Ihese phases have 
been presented in the order of their formation, although this order 
has not been previously justified. It is intended in this section to 
docl.lITent the relationships between, and therefore the timing of, of 
the different diagenetic phases. These phases are divided into 
syndepositional, early postdepositional (diagenetic) and late 
postdepositional (burial metanorphicH 'i=\~ &). 
Syndepositional changes involve the formation of phosphate nodules. 
Nodules start to form before the final deposition of the ironstone, as 
reYK)rked nooules occur wi thin the ironstone sequence. Nodules 1 i t.hify 
very early as during reworking they show brittle fracture. The 
formation of berthierine also occurred at this time (Section 6 .. 1), but 
no textural evidence of this is preserved in the ironstones. 
Early postdepositional changes involve the dewatering of 
berthierine, both the plastic deformation and brittle breakage of 
ooids, the formation of siderite, and the formation of secondary 
charrosite cements. The dewatering of berthierine in oolitic ironstones 
is a continuous process (Maynaro 1986). However, dewatering of 
berthierine ooids in the North Wales Ironstones occurred before the 
formation of siderite, as sane shrinkage vugs around ooids in ncdules 
are cernented by siderite. Dewatering of ooids continued after bur-L;;;l 
compaction, indicated by plastically deforrood ooids around rigid 
phosphate nodules and in nrud-ironstones. This plastic state of the 
ooids indicates that they still had a significantly high water content 
during burial compaction. By contrast ooids in grain-ironstones show 
brittle deformation (splay textures). However, there was no mud 
between ooids to prevent them fran rapidly dewateri~.. Therefore 
during burial compaction these ooids show brittle fracture. 
'!he generation of siderite in the ironstones post-dates ncdule 
formation, dewatering of ooids and deformation of ooids during 
ccrnpaction. This is indicated by siderite rhanbs which show a reaction 
rim around the ed;}es of sane nodules, and by undeformed siderite 
rhombs in the matrix between deformed ooids around nodules. The 
presence of splay textures in grain-ironstones indicate that s 
cementation post-dates burial compaction. The first siderite phase to 
form is rhanbic in habit in the matrix of the ironstones" seen i..lt all 
localities. With continuing generation of siderite, the ril1'llS of ooids 
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and the rims of nodules are replaced by micrite and rhombs 
respectively. With extensive generation of siderite, ooid laminae are 
replaced by micrite, rhambs occur within nodules, and solution vugs in 
nodules are infilled by ceroont. Secondary chaIrosite ceroonts forrood 
later than siderite as only those vugs within nooules which do not 
contain siderite contain chamosite. Chamosite pseudomorphs of siderite 
rhombs also indicate that chamosite cements postdate siderite ceroonts. 
Later post-depositional changes involved the conversion of 
berthierine to chamosite, and compositional changes to chamosite. At 
sane time during late burial diagenesis berthierine converted to 
chamosite. It is uncertain at what time this occurred, as estimates 
for the temperature of conversion are uncertain, and there was a 
higher heat flow (ie not a normal PiT gradient) in the Welsh Basin. 
However, same indication can be given from relating chamosite cements 
to rootasomatism of the ironstones. Textural and mineralogical evidence 
presented in Chapter 5 show that chamosite cements (originally 
precipitated as berthierine and later converted) predate igneous 
intrusive activity. These intrusives are related to Caradoc. igneous 
activity, some 10Ma after the formation of the ironstones. Later, with 
burial metamorphism, chamosite compositions evolved toward a more 
stable 'IIb-like ' composition. 
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5 ME'l'ASCf!1ATISM AND HYI>roI'HERMAL ALTERATION OF '!'BE IroNSTONES 
The North Wales Ironstones are the only ones in the British Isles to 
have undergone metarrorphism (Hallim:md in Pulfrey 1933a). Changes to 
the ironstones undergone by burial metamorphism have been discussed in 
Chapter 4. It will be shown in this chapter that further changes 
undergone by the ironstones are the result of the influence of igneous 
intrusions. This resulted in the formation of magnetite, 
stilpnanelane, siderite, pyrite and other sulphides wi thin the 
ironstone. Magnetite and stilpnamelane of metamorphic origin have been 
previously described in the North Wales Ironstones (Matthews & Scoon 
1964; Pulfrey 1933ai Hallimond 1925,1924). These minerals frequently 
occur in Banded Iron Formations, but are rare in Phanerozoic Oolitic 
Ironstones (Maynard 1983). 
Metamorphic stilpnamelane has been recognized in ironstones in the 
Tertiary Himalayan orogenic belt (Garzanti et ale 1989) in the Alpine 
orogenic belt (Velde 1989) and the metamorphosed Arenig ironstones of 
Brittany (Chauvel 1974). By contrast, magnetite in oolitic ironstones 
has been variously described as metarrorphic (related to dolerite 
intrusions - Guerrak & Chauvel 1985), diagenetic (in Upper Devonian 
Libyan ironstones, based on stable isotope data - Hangari et al. 
1980), and authigenic (in the Arenig ironstones of Brittany - Chauvel 
(1974). Hydrothermal siderite has not been described from other 
oolitic ironstones. Diagenetic pyrite is a common constituent of many 
ironstones 
sulphides 
(Maynard 1983), but hydrothermal pyrite, 
(chalcopyrite, sphalerite arsenopyrite), 
or base 
have not 
metal 
been II i 
described fran other Phanerozoic Ironstones. 
These changes in the North Wales Ironstones are related to igneous 
intrusions. The sections in this chapter describe the distribution, 
textures, mineralogy and geochemistry of each mineral (magnetite, 
stilpnanelane, siderite and sulphide minerals). A discussion of the 
controls of formation is presented at the end of the chapter. 
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5.1 MA~ITE 
The Bwlch y Cywion, Llanberis Valley, Betws Garmon, Tremadog, Rhyd, 
Cadair Idris East and Tyllau Mwn ironstones a11 contain magnetite, 
which at Bwlch y Cywion, Rhyd, Cadair Idris East and Tyllau Mwn is 
associated with stilpnorrelane (Section 5.2). At all these ironstone 
localities magnetite distribution is restricted to certain ironstone 
sedirrentary facies, and at anyone locality the magnetite distribution 
is laterally variable, the significance of which wi11 be discussed 
later. 
Magnetite only occurs within the upper ooidal pack-ironstone or 
wacke-ironstone facies. The one exception to this is the Llanberis 
Valley ironstone, a ferruginous debris flow. The magnetite is too 
fine-grained to be distinguished under a hand lens·l , but is shown to 
be present by the use of a hand held magnet (Figure 2.15). Magnetite 
distribution at Cadair Idris is limited to the eastern part of the 
range (Bwlch coch to Cross Foxes) and at Betws garmon to those 
exposures to the north of the A4085 road (Figure 2.14). Here magnetite 
replacement becomes rrore intense to the northeast with increasing 
thickness of the upper ooidal pack-ironstone. The ironstone at 
Trernadog is replaced by magneti te, but the siderite cemented ooidal 
grain-ironstone at Pensyflog, only 250m away, shows no sign of 
replacement. The ironstones of Northern Snowdonia also show variation 
in the style of replacement along strike: the Llanberis Va11ey to 
Bwlch y Cywion ironstones have magnetite replacement, the AS to Cwm 
Caseg ironstones have pyrite replacement. 
5.1.1 Textures 
Four different types of magnetite development can be recognised: 
1) replacement of ooids by magnetite (Betws Garnnn, Tremadog, 
Rhyd) , 
2) replacement of matrix by magnetite (Cadair Idris east), 
3) overgrowth of the oolitic texture (Bwlch y Cywion, Tyllau Mwn), 
4) growth of euhedral magnetite in a non-oolitic ironstone 
(Llanberis Valley). 
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Magneti te replacerrent of ooids is typified by replacerrent of the 
ooid nucleus and the majority of the laminae by fine-grained magnetite 
(Figure 5.1) • The matrix between ooids is now recrystall ised 
chamosite, but may also be siderite rhombs or chamosite pseudomorphing 
rhambs. However, there is a gradation which can be recognised in the 
extent of replacementi varying fram no replacrrent to complete 
replacement by magnetite. This is controlled by the presence of 
phosphate nodules, chamosite mud patches and and chamosite mud lenses. 
Ooids within phosphate nodules only show minor magnetite replacement, 
while outside the nodules the ooids are extensively replaced (Figure 
4.1). Ooids within chamosite mud patches only show partial replacerrent 
by magnetite, where the nucleus of the ooid but only some of the ooid 
laminae show magnetite replacement. Ooids within the charrosite mud 
lens in the Betws Garmon pack-ironstone show no magnetite 
replacement. Ooids at the margin of this mud lens are only partially 
replaced (Figures 3.3, 3.16), but away fram the mud lense al1 ooids 
are replaced by magnetite. This style of replacement is texturally 
similar to magnetite replacement in the Brittany ironstones (Chauvel 
1974). 
The only example of replacement of the matrix by magnetite is at 
Cadair Idris east. Fine-grained magnetite occurs replacing the matrix 
around the ooids (Figure 5.1). With increasing magnetite development, 
this replacement also encroaches on the edges of the ooids (Figure 
5.1). However, the chamosite ooids still retain their internal 
structure. Magnetite also occurs in vugs, both in the matrix and 
phosphate nodules, as euhedral intergrowths with pyrite and 
sti1pnomelane. There is an antipathetic relationship in this ironstone 
between the occurrence of stilpncmelane and magnetite. There is a 
gradation between ironstones that are predominantly replaced by either 
magnetite or by stilpnanelane with pyrite. In the magnetite-rich 
ironstones, magnetite occurs as a fine-grained replacerrent of the 
groundmass. In both stilpnomelane-rich and magnetite-rich ironstones, 
magnetite occurs in vugs. In the centre of sponge spicules, the order 
of cements is 1) needles of apatite 2) blades of chamosite 3) 
interlocking crystals of pyrite and magnetite with blades of 
stilpnome1ane. 
Overgrowth of the ironstone texture by magnetite and stilpnamelane 
occurs by interlocking small (50-100tnn) subhedral crystals of 
magnetite which preferentially overgrow the matrix, with minor 
stilpnamelane. Stilpnamelane also ghosts the ooids with sparse 
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a) 
b) 
Figure 5.1 Photomicrographs, a) magnetite ooidal pack-ironstone, YF-X 
Betws Garmon (Loose Grab Sample), b) ooidal magnetite 
pack-ironstone, CI134 Cross Foxes, [SH 7595 1639]. Differing 
styles of magnetite replacement: a) fine-grained replacement of 
chamosite ooids, with same chamosite laminae still preserved, b) 
fine-grained magnetite replacement of chamosite matrix, but also 
encroaching on the edge of ooids. Scale bar = Imm. 
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disseminated magnetite. The majority of the oolitic texture is now 
replaced, although remaining chamosite ooids still preserve an 
extinction cross. Lastly, the Llanberis Valley ironstone I a 
ferruginous debris flow deposit, has abundant euhedral grains of 
magnetite disseminated within the matrix. These grains are cat'llronly 
200pm in size, but may form aggregates up to lmm in size. 
Magnetite has been detected by XRD in samples from Betws Garmon, 
Tremadog and Cadair Idris east. All samples showed the same XRD 
pattern (Appendix 3), magnetite being characterised by its 
d(311)=O.2532nm peak. TWo polished thin sections fran Cadair Idris 
east and three from Betws Garmon were analysed by EPMA for magnetite, 
but it was not possible to obtain pure analyses as the magnetite was 
too finely intermixed with chamosite and quartz. 
5.1.2 Geochemistry 
Statistical analysis of the XRF data set (Section 3.3.2) identified 
the elements related to magnetite development as total iron [Fe203 (T») 
and ferric iron (Fe203 ) (Group 3). In this section the relationship 
between the ferric canponent of the ironstones and the rest of the 
data set is considered. Special discussion of the geochemistry of the 
Cadair Idris east ironstone, which includes discussion of magnetite, 
is included with the geochemistry of stilpncmelane (Section 5.2.2). 
The major elements, when correlated against total iron, all show a 
negative linear correlation, particularly silicon (Si02/Fe203(T) 
r=-O.839) and al1.nninium (Al203/Fe2o3 (T) r=-O. 769). Those ironstones 
with high total iron contents (and therefore the high ferric iron) 
;1 
content are the magnetite rich ironstones. When total iron is 
correlated against the i.mm::>bile elements, they all show a negative 
linear correlation, ahnninium (above), titanium (Ti02/Fe203(T) 
r=-O.588) and zirconium (Zr/Fe203 (T) r=-o.467), indicating that 
dilution of the ironstone by ferric iron has occurred. 
The total iron and ferric iron content of the ironstones show a 
positive linear correlation (FeZ03/Fe203 (T) r=O.753), but few trace 
elercents correlate with these eleroonts. However, chromium and vanadium 
both show a :p::>ar positive correlation with total iron (Cr/Fe203 (T) 
r=O.447, V/Fe203 (T) r=O.547), although they show a strong correlation 
between each other (r=O.B76). Deer et ale (l96Zc) have shown that 
chromium and vanadium can substitute for ferric iron in magnetite and 
so would be expected to show a correlation. The Betws Ganron ironstone 
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XRF samples show a strong correlation of increasing total iron, ferric 
iron, vanadium and chraniLDtl indicating that these elements must have 
been introduced into the Betws Garm::m ironstone during magnetite 
fornation. The cadair Idris east analyses (Section 5.2.2) show that 
zinc increases with magnetite formation, substituting for ferrous iron 
in the magnetite lattice (Deer et ale 1962c). They show no correlation 
wi th chromium or vanadiLDtl. This difference in trace element 
correlation with different localities (and therefore different modes 
of magnetite replacement) would suggest differing geochemical 
conditions for magnetite replacements. 
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5.2 STII.PNa-tEIANE 
Matthews & Scoon (1964) and Hallimond (1924) have previously 
identified stilpnomelane from the Tyllau Mwn and Rhyd ironstone 
localities respectively. They described, separated and analysed 
stilpnamelane from veins cross cutting these ironstones. In addition 
in this study stilpnoroolane has found at Bwlch y Cywion and Cadair 
Idris east. Stilpnarelane has only been found in the upper ooidal 
pack-ironstone or wacke-ironstone facies, and is always associated 
with magnetite (Section 5.1). Textural and geochemical data is 
available for stilpnanelane from al1 four localities. Add i tionally , 
mineralogical analyses (XRD and EPMA) of stilpnamelane from the Cadair 
Idris east samples were undertaken. 
5.2.1 Textures 
Texturally stilpnarelana occurs in three ways: 
1) replacing matrix and rimming ooids (Cadair Idris east), 
2) overgrowing the oolitic texture (Bwlch y Cywion, Tyllau Mwn), 
3) in cross cutting veins (Rhyd, Bwlch y Cywion, Tyl1au Mwn). 
Replacement of matrix and rimming of ooids occurs in the Cadair 
Idris (east) ironstone, where stilpnorrelane replacement shows an 
antipathetic relationship with magnetite replacement. At this locality 
there is a gradation between stilpnomelane-rich ironstones and 
magnetite-rich ironstones. Within roth types stilpnanelane occurs as 
randanly dispersed needles roth in the matrix and in the phosphate 
nodules (Figures 5.2, 4.4.b). Stilpnanelane also occurs in vugs as 
larger interlocking bladed crystals with pyrite and magnetite. The 
difference between stilpnomelane-rich and magnetite-rich ironstones is 
in the extent of stilpnomelane replacement. In the stilpnanelane-rich 
ironstone virtually all the matrix is composed of stilpnamelane with 
only minor magnetite. '!his m:xie of replacement is similar to that 
found in Mesozoic ironstones in the Himalayan orogenic belt (Garzanti 
et al. 1989). 
Where stilpnomelane overgrows the oolitic texture it is intimately 
associated with euhedral magnetite, seen at Bwlch y Cywion and Tyllau 
Mwn (Section 5.1). Where replacement by stilpnomelane and magnetite is 
not extensive, and serre oolitic texture is preserved, stilpnanelane 
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Figure 5.2 Photomicrograph, phosphate nodule in ooidal pack-ironstone, 
CI134 Cross Foxes [SH 7595 1639]. Disseminated flakes of 
stilpnomelane (s), within the collophane matrix (m) of a phosphate 
nodule. Stilpnamelane shows a strong pleochroism fram 
pale/colourless (east-west) to dark brown (north-south). 
Scale bar = 500).llU. 
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OCcurs infilling tension gashes both in the matrix and between ooid 
laminae. With intense replacement stilpncmelane preferentially occurs 
as large interlocking blades ghosting ooids. It may also be intergrown 
with magnetite, but is then much finer grained. Sirrdlar overgrowth of 
ooli tic texture is seen in the Alpine Mesozoic ironstones (Velde 
1989). At Rhyd neither of the above two replacement textures are seen 
as it contains only minor quantities of stilpnornelane. It Irostly 
occurs in cross-cutting veins, intergrown with euhedral magnetite, or 
more rarely as interlocking bladed crystals infilling dissolved out 
ooids. 
5.2.2 Mineralogy 
EPMA and XRD data are available for two samples containing 
stilpnomelane from Cadair Idris (east), one fran an ooidal 
stilpnomelane wacke-ironstone (CIl30c, XRF sample No. 011) and the 
other from an ooidal magnetite pack-ironstone (eII37, XRF sample No. 
014) • Both samples show the same XRD pattern (Appendix 3), peaks 
identified after Eggleton (1972). The daninant feature is the large 
d(OOl)=lo1946nm peak characteristic of stilpnamelane. 
EPMA data for stilpnomelane in Appendix 4 represent four spot 
analyses fran the stilpnamelane-rich ironstone and five fran the 
magnetite-rich ironstone. The formula for stilpnamelane was based on 
11 oxygens (Baker 1985) and the tetrahedral values made up to 4. The 
analyses show that stilpnornelane is composed mostly of iron and 
silicon and that the main alkali phase is potassium. However, 
compositional differences between the two are apparent, the analyses 
from the stilpnanelane-rich sample have higher potassium, manganese 
and magnesium values and lower ferrous iron and calcium. values than 
the analyses fran the magnetite-rich sample. The oxidation state of 
the iron is unknown, although an estimation can be made fran XRF data 
on the assurrption that stilpnanelane is in equilibrium with the whole 
rock (Velde 1989). Stilpnamelane has a complete range of compositions 
from totally ferrous to totally ferric (Deer et ale 1962b). Samples 
with oore ferrous iron than ferric iron are ferrostilpnomelanes and 
those with rro!e ferric iron are ferristilpnamelanes. The 
stilpncmelane-rich ironstone contains a ferrostilpnanelane (as the 
rock is daninantly ferrous, ORI=O. 658) and the magnetite-rich sample a 
ferristilpnanelane (as the rock is daninantly ferric, ORI=0.492). 
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5.2.4 Geochemistry 
Statistical analysis of the XRF data set (Section 3.3.2) identified 
the elements related to stilpnomelane fonnation as potassiwn, barium 
and rubidium (Group Ib). The relationship between these three elements 
is discussed first. Then the five XRF sanples fran Cadair Idris east 
are considered together for the geochemical variation between 
stilpnamelane-rich and magnetite-rich ironstones. 
The only ironstones to contain significant arounts of potassium 
(>0.07% ~O) are those containing stilpnomelane. The one exception is 
the chamosite mud-ironstone fram Cadair Idris, which contains illite 
(XRF sample No. 036). Potassium shows a strong positive linear 
correlation with rubidium (Rb/K20 r=O.963). A plot of barium against 
rubidium (Figure 5.3) clearly distinguishes two different groups of 
ironstones. The first group with variable barium content and low 
rubidium content are the majority of the ironstones (ie samples with 
no stilpnomelane). The second are those with high rubidium content and 
variable barium content (Ba/Rb r=0.684) and are the stilpnamelane-rich 
ironstones.. EPMA data indicates that manganese is a trace element 
occurring stilpnomelane. This may form up up to 0.. 5% MnO of the bulk 
rock ironstone sample. These relationships indicate that potassium 
rubidium and manganese have been introouced into the ironstone. Barium 
has not and instead has been redistributed. Rubidium and barium have 
the sa.1Ie ionic size as potassium and so can substitute in the 
stilpnanelane lattice. Manganese substitutes for ferrous iron in 
stilpnomelane (Deer et al. 1962b)i indicated from E~~ analyses by the 
higher MnO contents of the ferrostilpna:relanes. 
The Cadair Idris east ironstone has undergone differing geochemical 
changes with magnetite and stilpnamelane formation. Five samples were 
analysed by XRF from this area. These are plotted on Figure 5.4 
arranged in order of increasing potassium content (equivalent to 
increasifYJ stilpn<m:llane develop:nent). It can be seen that potassium, 
rubidium, barium, manganese and silicon all increase with increasing 
etilpnomelane. Conversely, total iron, ferric iron and zinc all 
increase with increasing magnetite (decreasing stilpnCl'OOlane) • 
Alumini um, titanh.m and ferrous iron all remain unchanged. The fact 
that 'I1Ot:roal' ironstones do not contain potassium and have low ferric 
iron values indicates that potassium and iron (plus silicon, rubidium, 
manganese and zinc) have been added to the ironstone. 
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Figure 5.3 Plot of barium against rubidium fram the XRF data set 
(excluding sample No.36), distinguishing between stilpnamelane 
bearing (triangles) and non-stilpnomelane bearing (squares) 
ironstones. Dashed vertical line is the approximate rubidium value 
distinguishing between the two sample types. 
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Figure 5.4 Major and trace element geochemical variation diagram for 
the five samples from Cadair Idris east. Samples are arranged in 
order of increasing K20 (equivalent to increasing stilpnomelane) 
and shows the geochemical variation between magnetite-rich and 
stilpnomelane-rich ironstone samples. All samples are actual 
values except for MnO, K20 (multiplied by 10) and Ba (divided by 
10). This diagram shows increasing K20, Bar Rb, MnO and Si02 with 
increasing stilpnornelane and increasing Fe203(T), Fe203 and Zn 
with increasing magnetite. 
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5.3 SIDERITE 
Alteration of the ironstones by siderite, as distinguished fran 
diagenetic siderite, has been identified at three localities, Abert 
Betws Garmon and St.Tudwa1s. At each locality siderite is associated 
with sulphide mineralisation (Section 5.4). Alteration by siderite is 
distinguished fran diagenetic siderite (Section 4.2) in that the 
former is a localisoo phenanenon, its replacement textures are 
different, as is associated with Fe-Cu+Zn+As mineralisation. At Aber, 
although the ironstone has been tectonised and mineralised (Section 
2.4.2), only the grain-ironstone can be recognised as having been 
altered by siderite. Alteration by siderite at St. Tudwals only seen 
in isolated occurrences. At Betws Garmon alteration by siderite only 
occurs to the south of the A4085 road, where the ironstone is not 
replaced by magnetite. To the north of the A4085 minor alteration by 
sideri te occurs, and will be shown to be later than magnetite 
replacement. At both localities alteration by siderite only occurs 
within the upper ooidal pack-ironstone facies. 
5.3.1 Textures 
A number of different modes of siderite are associated with 
alteration: 
1) Void infills (Aber) , 

2) Reaction rim to voids (Aber), 

3) OVergrowth of ooids (Aber), 

4) Replacement of ooids (Betws Gamon, St. Tudwals) I 

5) Rhanbs (Aber, Betws Garmon, St. Tudwals), 

6) Cross Cutting Veins (Aber, Betws Garmon). 

Void infllls occur as epitaxial fibrous cements nucleated on, and in 
optical continuity with, micritic reaction rims to the voids (2 
above) (Figure 5.5). The voids are either solution vugs in 
?pack-ironstones or pore spaces between ooids in ?grain-ironstones. 
Reaction rims to voids occur either as micritic siderite replacing the 
outer laminae of ooids in ?grain-ironstones, or as micritic siderite 
replacing the edges of solution vugs in ?pack-ironstones (Figure 5.5). 
This micritic siderite is in optical continuity with 1 and 3 (above). 
OVergrowth of ooids occurs as epitaxial sparry siderite nucleated on, 
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Figure 5.5 Photomicrograph, ooidal grain-ironstone, AB-A Aber [SH 6693 
7245]. Sideritised ironstone a) plane polarised light b) crossed 
polarised light see text for detailed descriptions. a) micritic 
siderite rims to ooids (m) are distinguishable as dark rims. Cross 
cutting vein in top left corner contains quartz (Q) and pyrite 
(P). b) Chamosite (dark) and siderite light now clearly 
distinguishable, ooids no longer show an extinction cross. Four 
modes of siderite can be identified (see text): 1) micritic rims 
to ooids (m) 2) epitaxial sparry siderite overgrowing ooids (E) 3) 
fibrous epitaxial siderite infilling vugs (F) and showing an 
extinction cross 4) Disseminated siderite rhombs. Scale bar = 1mm. 
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and in optical continuity with, the micritic reaction rim (2 above) 
and overgrCMing the ooid. In ?grain-ironstones there is only minor 
overgrowth by sparry siderite, and the oolitic texture and the 
tangential orientation of charrosite is preserved. In the 
?pack-ironstones more of the ooid is overgrown by spar, and the 
oolitic texture is destroyed (Figure 5.5). 
Replacement of ooids is by 'patchy' micritic siderite, with only 
minor chamosi te laminae rema.ining. The matrix between ooids consists 
of microcrystalline chamosite. Within this matrix are disseminated 
sided te rhanbs, which also occur in the charrosi te matrix and ooids of 
2 and 3 above (Figure 5.5). Finally, siderite occurs in cross-cutting 
veins intergrown with quartz; the veins also contain pyrite and base 
metal sulphides (Figures 5.7, 5.9). 
At Aber and Betws Garrron there is a variation in the extent of 
sided te alteration. At Aber there are two differing styles of 
siderite alteration. The first is epitaxial fibrous siderite forming 
the cement between ooids, accanpanied by micrite replacerrent of ooid 
rims and minor overgrowth by sparry siderite of the ooids. The second 
is epitaxial fibrous siderite infilling voids in chamosite matrix, 
accx:mpanied by micritic reaction rims around these voids, extensive 
ovargrCl\!fth by sparry sideri te of the ooids, and disseminated siderite 
rhau..~ in the ooids and chalrosite matrix (Figure 5.5). It is proposed 
here that these differences are due to primary differences in 
ironstone facies type. The first style of siderite alteration occurs 
1n an ironstone with no chamosite mud matrix and with lenses of 
differing ooid grain-size (Section 3.2.1). It is most likely that this 
was originally a grain-ironstone. By contrast, the second style of 
alteration occurs in an ironstone with cham::>site mud matrix, and no 
sortif':tg of ooids, and was therefore originally a pack-ironstone. 
At Betws Garmon to the south of the A4085 road, siderite alteration " I 
occurs as replacenent of ooids by micritic siderite and disseminated 
siderite rhanbs in a charrositic mud matrix. To the north of the A4085 
siderite alteration was later than magnetite replacement. 'Ibis is 
shown by quartz and siderite veins cross-cutting magnetite ooids 
(FigutQ 5 ..9) .. Replacement of magnetite ooids by pyrite occurred along 
'. f .. I.o.-se vel'ns Remaining charrosite ooids in phosphatea\;~rQln8 0 UlI;:: • 
ware altered by siderite (Figure 4.1), and disseminated 
.rhat'Ibs occur in the matrix. Diagenetic siderite can be shown 
t.o ha",. been originally present by ch.am:Jsite pseudcmorphs of siderite 

rhortt>15 at Betw8 GarmOl"h and siderite rhanbs as inclusions within 
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pyrite from St. Tudwals. 
5.3.2 Mineralogy 
Siderite has been analysed by XRD and EPMA for the Aber and Betws 
Garmon ironstones. EPMA data for these siderites are given in Appendix 
4 and plotted on Figure 5.6. This shows that the Betws Garmon 
siderites are Fe-rich, with only rrUnor Mg. The Aber siderites are more 
Ca- and Mn-rich. This is reflected in the variation of the d ­(1014 ) 
peak (Section 4.2.1), for the Betws Garmon siderite d(lOI4)=O.279nm as 
it is dominantly ferrous in nature. By contrast the Aber siderite has 
d(lOI4)=O.2BOnm due to the higher Ca and Mn substitution in the 
siderite lattice. 
Maynard (19B6) distinguishes diagenetic and hydrothermal siderites 
by composition; hydrothermal siderites having little substitution by 
calcium and magnesium. Generally the North Wales hydrothermal 
siderites have less than 5% substitution by calcium and magnesium 
whereas the North Wales diagenetic siderites generally have more than 
5%. However, three siderite analyses from Aber have high substitution 
by calcium and magnesium. It is not known what mode{s) of siderite was 
analysed to account for these differences. 
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Figure 5.6 Plot of hydrothermal siderite compositions (from EPMA) on 
the same axes as diagenetic siderite (Section 4.2). Data from 
Appendix 4, see text for details. AB-A Aber, SN15C & YF-A Betws 
Garmon. 
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5.4 PYRITE " 0l'HER SULPHIDES 
Same pyrite is found at virtually all ironstone localities. At any 
given locality more than one type of pyrite (plus base metal 
sulphides) can occur. At only a few localities is pyrite abundant. The 
distribution of pyrite at each locality is given in Chapter 2, and 
therefore is only sumnarised here. Likewise, a description of the 
textures associated with pyrite have mostly been described fran the 
previous two sections and so are again only summarised here. 
Pyrite occurs in five different forms in the ironstones: 
1) in fault zones, 

2) in veins, 

3) in pyrite nodules, 

4) disseminated throughout the ironstone, 

5} massive replacrnent of the ironstone. 

Tectonised ironstones (Trefor, Aber and Tremadog) have fault zones 
infilled by pyrite (Chapter 2), which at Tremadog are associated with 
quartz and dolomite. Veins containing pyrite are found in the Aber and 
Betws Garrron ironstones. At both these localities pyrite occurs in 
quartz and siderite veins, which at Betws Garmon also contain 
haematite. Silnilarly pyrite nodules (up to 6em in size) are found at 
both these localities. At Aber pyri te nodules are restricted to the 
grain-ironstones, but at Betws Garmon are found in all the ferruginous 
facies. Pyrite nodules have also been recorded fran the Llandegai 
ironstone (Strahan et ale 1920). 
Disseminated pyrite, as euhedral cubes up to 2mm in size, is the 
most common occurence of pyrite in the ironstones. This occurs in all 
ironstone facies at Trefor, St. Tudwals, Aber, Gorddinog, Bwlch y 
Cywion, Betws Garmon, Tremadog, Rhyd, Cadair Idris east and Tyl1au 
Mwn. Locally this form of replacement can becane very intensive, as at 
St. Tudwa1s and Gorddinog. Finally massive replacement by pyrite is 
seen at 0m1 Caseg and AS localities (Northern Snowdonia) I and at Foxes 
Path (Cadair Idris). 
5.4.1 Textures 
At Aber, cross-cutting quartz and siderite veins contain pyrite and 
minor chalcopyrite and sphalerite. The latter shows exsolution blebs I I 
------------------_.,. 
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of chalcopyrite ( Figure 5.7). Pyrite in these veins partially occurs 
overgrowing the charoositic and sideritic ironstone (Figure 5.8). 'nle 
Betws Garmon ironstone also contains cross-cutting quartz and siderite 
veins. However, within these veins occurs intergrown pyrite and 
pyrrhotite (Figure 5.9), with minor chalcopyrite and arsenopyrite. 
Adjacent to these veins replacement of ooids by pyrite is very intense 
(Figure 5.9) and replacement decreases away fran these veins. In 
contrast pyrite and base metal sulphides in the St. Tudwals ironstones 
occurs disseminated throughout the ironstone, and does not occur in 
cross-cutting veins. 
Pyrite nodules in the Aber ironstone occurs as interlocking cubes of 
pyrite (up to 2mm) overgrowing the oolitic texture (Figure 5.7). The 
pyrite cubes have numerous inclusions of chamosite and siderite within 
them. At Cwm Caseg and A5 localities the original oolitic texture is 
now almost entirely replaced by pyrite. The mineralogy is now pyrite, 
quartz and siderite. Most of the ironstone is a mixture of quartz and 
siderite with rare disseminated pyrite. Sane ghosts of ooids may be 
replaced by pyrite. Some areas of rock are canpletely replaced by 
pyrite. Here, pyrite first grows as euhedral cubes with siderite 
between grains, then a second phase of pyrite infllls the spaces 
between cubes removing the siderite matrix. 
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Figure 5.7 PhotanicrGg'raph, polished thin section, vein in ooidal 
grain-ironstone, AS-A Aber [SH 6693 7245]. Cross cutting vein 
through the ironstone containing, in order of reflectivity (bright 
to dark), pyrite (p), chalcopyrite (C), sphalerite (Sp) containing 
exsolution blebs of chalcopyri te, siderite (Si) showing 
bireflectance, and quartz (Q). Scale bar = Imm. 
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Figure 5.8 Photomicrograph, polished thin section, vein in ooidal 
grain-ironstone, AB-A Aber [SH 6693 7245]. The same pyrite grain 
as in Figure 5.7, which is also in contact with the ironstone 
(this figure). Here pyri te is overgrowing and including siderite 
(dark grey) and chamosite (darker grey). Scale bar = Imm. 
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Figure 5.9 Photomicrograph, polished thin section, vein in ooidal 
pack-ironstone, YF-A Betws Gannon (loose grab sample). Edge of a 
quartz (0) and siderite (8) vein cutting across the oolitic 
texture. Contained within the vein is pyrite (P) surrounded by 
slightly darker and bireflectant pyrrhotite (Py). Ooids are 
composed of magnetite but with same replacement by pyrite. Scale 
bar = Imrn. 
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5.5 DISCUSSlOO 
All changes undergone by the ironstones described in this chapter, 
were caused by the proximity of same ironstones to igneous intrusions. 
It is proposed here that three different processes altered the 
ironstones. These resulted in the formation of magnetite plus 
stilpnomelane, the formation of siderite with pyrite plus base metal 
sulphides, and the formation of pyrite. These three processes can be 
related to different types of igneous intrusion. 
The intimate association at some localities of magnetite and 
stilpnomelane suggest they are synchronous, and of the same origin. 
Magnetite and stilpnarelane formation wi thin the ironstones is a 
porosity controlled feature. Alteration is restricted to the upper 
pack-ironstone facies only. Within the pack-ironstones phosphate 
nodules, chamosite mud patches and chamosite mud lenses are relatively 
unaltered, as are siderite cemented grain-ironstones (Pensyflog). All 
this indicates the strong control of porosity on pore fluid migration, 
which was responsible for altering the ironstones. 
The composition of these pore fluids for magnetite to be stable is 
low Eh, high pH, and low sulphate, sulphide and bicarbonate activity 
(Maynard 1983; Curtis & Spears 1968). How these fluids reacted with 
the ironstones and formed magnetite is uncertain, as no published 
information is available for this process. At Cadair Idris east 
magnetite occurs as a fine-grained replacement of the chamosite 
matrix. The magnetite is a fine-grained mixture with chamosite and 
quartz. Magnetite is also less well developed in less porous areas. 
This would imply that magnetite replacement occurred by passive 
infilling of the more porous parts of the matrix. How magnetite 
replaced ooids is more problematic. This is also a porosity controlled 
feature, indicating that pore fluids reacted with ooids in the 
formation of magnetite. Either magnetite replacment occurred by 
reaction of the pore fluids with charrosite to form magnetite, or 
magnetite formed by the recrystalisation fram an iron oxide/hydroxide 
precursor. This precursor must therefore have reacted with the 
chaIrosite ooids. Diagenetic siderite can be discounted as an iron 
precursor for magnetite, as magnetite would then have the same 
textural features as diagenetic siderite. 
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Deer et ale (l962b) give the following reaction for the formation of 
stilpnornelane:-
Chamosite + Si02 + K20 -) Stilpnarnelane + MgO + Al203 
Aluminit.un behaves in an irmrobile fashion in the North Wales Ironstones 
(Section 3.3.3), and therefore is unaffected by alteration. This 
indicates that aluminiUTt is neither added to nor lost fran the overall 
ironstone system. Therefore for stilpnarnelane to have formed it must 
have reacted with chamosite. XRD shows that there is no quartz present 
now in the Cadair Idris east ironstone. As all other ironstones 
analysed by XRD show same quartz, this must have been involved in the 
above reaction. At Cadair Idris, correlation can be made between 
chamosite maturity and porosity. The magnetite-rich ironstones have· a 
chamosite composition that plots over the berthierine field (Section 
4.3), whereas the stilpnanelane-rich ironstones have a chamos i te 
composition that plots on the edge of the lIb field. The latter 
chamosite has reacted with pore fluids to form stilpnarnelane. The 
aluminium released by the reaction is taken up by remaining chamosite 
in the rock, making it more tetrahedral aluminium rich. With 
increasing stilpnarnelane formation the remaining chamosite becomes 
more aluminium rich. Magnetite replacement at Cadair ldris east does 
not react with chamosite, and reduces porosity so that no further 
maturation of chamosite can occur. Velde (1989) has shown that 
stilpnornelane formation in metamorphosed ironstones re-equilibrates 
with the surrounding rock, supporting the idea of more AI-rich 
chamosites in equilibrium with stilpnomelane. 
These changes have resulted from the intrusion of igneous bodies 
near to some ironstones. These ironstones have undergone geochemical 
changes as a result of this alteration, principly the introduction of 
iron and potassium to the ironstones. In the Cadair Idris (east) 
region a dolerite sill (the Pen y Gader Dolerite - Davies 1956) 
intrudes into the Llyn y Gader Mudstones above the ironstone. Davies 
(1956) has shown that the dolerite has metasanatised the adjacent 
mudstones, intrcrluci~ iron and potassium into sediments at least 30ft 
below the dolerite. This indicates that the ironstone has also been 
metasamatised by the overlying dolerite. However, this does not 
explain why some ironstones are stilpnarnelane-rich and some 
magnetite-rich. One reason for this difference may be due to spatial 
distribution. The samples with the highest potassium {and therefore 
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highest s tilpnorne lane ) values are both fran Bwlch Coch, whilst the 
three .rrore magnetite-rich samples are fran Cross Foxes. This may 
reflect proximity to the dolerite, as the Cross Foxes locality is 
closer to the dolerite (Cox 1925). 
There is a similar link for other ironstones and rootasanatisrn. Other 
ironstones that contain magnetite and stilpnamelane have had iron and 
potassium introduced into the ironstone. The Tremadog ironstone occurs 
same 20m below a dolerite sill (Plate 2.13) just outside the limit of 
hornfels of the adjacent mudstones (Smith 1987). The Rhyd ironstone 
occurs partially within the aureole of the subsurface extension of the 
Tan y Grisiau microgranite (Bramley 1963: Smith 1987). Sirrdlar to the 
Rhyd ironstone the Bwlch y Cywion ironstone occurs adjacent to the 
Bwlch y Cywion microgranite. However, the Betws Ganron ironstone shows 
no such clear relationship between intrusion and metasomatism, 
although it may be in the aureole of the subsurface extension of the 
Mynydd Mawr microgranite (Wi]inson & Smith 1988, Figure 1). The 
formation of euhedral magnetite in the Llanberis Valley ironstone is 
most likely due to contact metamorphism of a ferruginous debris flow 
by an adjacent rhyolite intrusion (BGS 1985a). No chemical analyses 
are available to show any enrichment by iron. 
Metasomatism by dolerites in North Wales clearly post-dates 
phosphate and siderite diagenesis, and compositions of chamosites from 
Cadair Idris east indicates that it pre-dates the transformation of 
berthierine to cha.rrosite. This metasanatism occured in Caradocian 
times as shallow emplaced dolerite sills which reacted with still wet 
sediment (Smith 1987: Kokelaar et al. 1984). Similarly, metasomatism 
of the ironstones by microgranites occurred at this time, as these 
intrusions are spatially and genetically associated with the 
Caradocian volcanism (Reedman et ale 1985). 
Alteration of the ironstones by siderite postdates the alteration by 
magnetite, and is associated with the formation of base metal 
sulphides. This would indicate hydrothermal alteration of the 
ironstones, with associated mineralisation. Hydrothermal alteration at 
Aber may be related to a number of smaller igneous intrusions nearby 
(BGS 1985b). Fluid inclusion studies on quartz veins fran the Aber 
ironstone (W.E.G. Taylor pers. comm.) gives a poor definition for two 
fluid temperatures, one at approximately 1900 e and one at 110oe. These 
fluids must have been bicarbonate-rich metal bearing brines to firstly 
form voids in the ironstone and react with the cham::>sitic ooids, and 
secondly to precipitate not only siderite but also base metal 
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sulphides. 
Reedman et ale (1985) describe mineralisation related to the Mynydd 
Mawr microgranite intrusion. The mineralisation associated with this 
micrograni te is a late stage feature (Brcrnley 1969). It is probable 
that the hydrothermal alteration at Betws Garmon is due to the Mynydd 
Mawr intrusion, which is only approximately 2.5km away. This is 
supported by hydrothermal alteration of the Betws Garmon ironstone 
post-dating magnetite replacement. Minor hydrothermal alteration in 
the St. Tudwals ironstones is related to mineralisation in this region 
(Archer 1959); lead-zinc mines are found adjacent to the Hen dy Capel 
ironstone (Foster-Smith 1977a). 
Pyrite replacement of the ironstones can be related to granophyric 
intrusions rather than micrograni te intrusion. The Cwm Caseg and AS 
localities (Northern Snowdonia) occur near the Aber-Drosgyl 
granophyric intrusion, and the Foxes Path locality (Cadair Idris) has 
a granophyric intrusion just above the ironstone (Section 2.4). 
Bromley (1969) has described the acid intrusive complexes in North 
Wales and their aureoles. Metam::>rphism and spotti~ of sediments 
occurs much rore widely around microgranite than granophyric 
intrusions (Bromley 1969). Granophyres do not show extensive large 
scale autornetasanatism seen in the microgranites (Branley 1969). The 
close association of granophyric intrusions and pyritisation of the 
ironstones, and micrcgranite intrusions and metasanatism and 
mineralisation, would indicate a close genetic link. 
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6 GENESIS OF PHANEROZOIC OOLITIC IRONS'l.'amS 

AND TBE SIGNIFICANCE OF THE NORl'H WALF.S IR:)NS'IOOES 

The previous chapters of this work have described and discussed the 
temporal and spatial distribution, deposition, diagenesis and 
alteration of the North Wales Ironstones. It is intended in this final 
chapter to review models of formation of Phanerozoic Oolitic 
Ironstones, and then campare and contrast the North Wales Ironstones 
within this context, with the intention of highlighting any 
significant similarities and differences. The three most important 
controls of ironstone genesis, source of iron plus ooid formation, 
depositional controls, and regional controls, will each be discussed 
in tum. 
6.1 SOORCE OF I~ AND COIn FORMATION 
The ferruginous components of Phanerozoic Oolitic Ironstones, for 
example berthierine peloids, are formin;J at the present day. This 
enables some analogies to be made between modern and ancient oolitic 
ironstone envirornrents. However, berthieroid/iron oxide oolitic 
ironstones are not forming today, leadin;J to poor understanding of 
their genesis due to the lack of modern analogues. 
6.1.1 SOurce of Iron 
A number of sources of iron for Phanerozoic Oolitic Ironstones have 
been quoted in the literature: 
1) Clay leaching during burial (Kimberley 1979) 
2) Oceanic upwelling (Maynard 1986) 
3) Volcanic exhalation (Quade 1976) 
4) Lateritic weathering (Maynard 1986; Van Houten & Purucker 
1984~ and references within) 
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Kimberley (1979) proposes that iron leaches downward from 
organic-rich muds during burial into carbonate oolites. This downward 
percolation of iron-rich groundwaters replaces the calcium carbonate 
but preserves the original tangential orientation of the aragonite 
ooids. This argumemt has now been dismissed (Maynard 1986j 
Bhattacharyya & Kakimoto 1983; Bradshaw et aL 1980), on the grounds 
of lack of association of ironstones with immediately overlying 
organic-rich muds, the lack of association of many ironstones with 
carbonates and the irtm:>bile nature of aluminium in the groundwater 
system. However, on a small scale, diagenetic berthieroid replacement 
of calcareous allochems can occur (Kearsley 1989), as does iron 
staining of calcareous allochems (Dreesen 1989). In the North Wales 
Ironstones, some diagenetic infilling of pore spaces by chamosite does 
occur, but is not a major source of iron. 
Deep anoxic waters are capable of transporting large arrounts of 
ferrous iron in solution (Maynard 1986, 1983). It has been proposed 
that upwelling of these waters onto the shelves and mixing with shelf 
aerobic waters would cause a large supply of iron at the mixing 
boundary. If this process of iron enrichment were to occur black 
shales would expected to be the deep water equivalents to ironstones 
(Maynard 1986). Ironstones and black shales in the Jurassic have been 
noted as occurring at the end of a regression and during a 
transgression respectively (Hallam & Bradshaw 1979). Van Hooten & 
Arthur (1989) describe a much closer association between black shales 
and ironstones. 
Black shales in the Lower Palaeozoic formed preferentially during 
transgressions, when the oxygen minimum zone intersected the 
sediment/sea water interface (Leggett 1980). They mostly correspond to 
'G states' (po1ytaxic states) characterised by high sea level stands, 
higher marine temperatures, climatic amelioration, reduced oceanic 
circulation, extensive biotas and a large oxygen rninDnuffi zone (Leggett 
et ale 1981). However, it is uncertain if ironstones and black shales 
are coincident because they need the same background conditions of 
formation (transgressions, polytaxic conditions) or are formed by the 
same process, where ironstones are the shallow water equivalents of 
black shales. Within the North Wales Basin black shales occur in the 
Caradoc, related to high stands of sea level by eustatic transgression 
(Leggett 1980). The North wales Ironstones are older then these black 
shales as they are fOC)stly Llandeilo in age and coincide with the start 
of the transgression. There is a close setting relationship between 
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ironstones and black shales in the North Wales Basin as they both 
occur in a shelf environment, but do not show any close temporal 
association. In this respect the North Wales Ironstones and caradoc 
black shales approximate more to the Jurassic, where ironstones mark 
the end of a regression and black shales the start of a transgression 
(Hallam & Bradshaw 1979). Thus an oceanic upwelling source for the 
North Wales Ironstones is unlikely. 
The occurrence of volcano-sedimentary iron ore deposits (Lahn-Di1l 
type ironstones) has been reviewed by Quade (1976). Typically these 
are volcanic or limestone hosted, haernatite predominated, stratabound 
ore bodies at the top of volcanic rises of thick masses of spilitic 
tuffs and lavas. They are overlain by pelagic limestones and shales 
and may transgress onto nearby reef complexes. They are typical 
examples of rootal precipitates, derived from active volcanism and 
deposited under marine conditions. There are accounts of same 
'Lahn-Dill type' ironstones with charOC>site, as a thin basal layer 
between the volcanic rocks below and the main iron ore above, and even 
one account of chamosite ooids, in a calcareous basin sequence 
adjacent to a typical volcano-sedimentary ore body (Quade 1976). These 
characteristic features of volcano-sedimentary iron ores are very 
different to the North Wales Ironstones, in that the latter are not 
associated with volcanics, do not contain primary haematite (or 
magnetite), and are chamosite and ooid predaninated. This is further 
emphasized by geochemical comparisons; 'Lahn-Di11 type' ironstones are 
iron and silicon daninated and depleted in aluminium and phosphorus 
canpared to the North Wales Ironstones (Quade 1976). 
Associated with I Lahn-Dill type' ironstones is diagenetic 
mobilization of iron (as haematite) into associated limestones, 
indicated by ferruginised calcareous allochems. Similar ores, in areas 
with no obvious volcanic activity, are also seen (Dreesen 1989). These 
ores are thin, laterally extensive, ironstones containing ferruginised 
calcareous allochems, either iron stained probably fran the surface 
waters of density-stratified evaporite pans, or iron chlorite 
impregnated fran. the diagenesis and halmyrolysis of volcanic ashes. 
These ironstones are time equivalents of 'Lahn-Dill type' ironstones 
elsewhere. 
Phanerozoic Ironstones are built of two very catm:>n products of 
weathering, iron oxide and clay (Van Houten & Bhattacharyya 1982). 
Iron and Aluminium are insoluble in the oxide form and so can be 
concentrated in residual weathering (C1errmey 1985). Transport of 
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lateritic weathering material as kaolinite/iron hydroxide complexes 
(Carroll 1958) by rivers into the marine environment is the most 
frequently quoted source for Phanerozoic Ironstones (eg. Myers 1989; 
Van Houten & Purucker 1984; Maynard 1986, 1983; Hallam & Bradshaw 
1979). The geochemical evidence discussed in Chapter 3 gives strong 
support for a lateritic weathering source for the North Wales 
Ironstones. Likewise, the temporal settint;;J of the North Wales 
Ironstones is also favourable to this model, in that regressions allow 
for the exposure and leaching of landmasses. Reworking of this 
material during transgressions is the source of the ironstones. 
Despite the fact that in the 1 i terature latedtic weathering is the 
ITOst frequently evoked model for the source of iron, other sources 
cannot be excluded and some ironstones may be polygenetic in origin. 
6.1.2 Formation of Berthierine and Fixation of Iron 
A major problem when considering ferruginous allochems in ironstones 
is that they now preserve a wide variety of mineralogies (Maynard 
1983). However, only goethite and berthierine (limonite and chamosite 
in older Iiterature) are the primary iron phases in coid formation 
(Kearsley 1989; Maynard 1986; Chowns & Maynard 1986; Gehring 1985; Van 
Houten & Purucker 1984; Van Houten & Bhattacharyya 1982), which with 
post-depositional changes are particularly susceptible to 
mineralogical changes. 
Berthierine especially is of interest in ironstones as not only is 
it the principle ferruginous component of the majority of Phanerozoic 
Oolitic Ironstones, but its formation, requiring reducing conditions 
but occurring in reworked and winnooed (and therefore oxidizing) 
environments, is also problematic. The two main types of ooids in 
marine ironstones, high sphericity goethite ooids and low sphericity 
berthierine ooids, strongly suggests that berthierine was the dominant 
phase in ooids before any significant compaction had occurred. This 
implies that it is unlikely that burial diagenesis could account for 
berthierine formation (Young 1989a). Therefore, regardless of how it 
forms, berthierine formation must occur at or near the sediment/sea 
water interface. This condition applies to ooids in the North Wales 
Ironstones, which are slightly subspherical in shape. The deformation 
of ooids around nodules and in mud lenses indicates the still plastic 
nature of berthierine ooids in the diagenetic environment. 
Several models of berthierine genesis in ironstones have been put 
-191­
forward (Young 1989a): 
1) Direct precipitation from solution, 
2) Precipitation from a gel, 
3) Transformation of a kaolinite/iron oxide mixture. 
Formation of berthierine by the precipitation from a fluid has been 
advocated for Jurassic Ironstones (Taylor 1951), and also more 
recently for other ironstones (Kearsley 1989; Gygi 1981). The first 
arguments against this were thermodynamic constraints (CUrtis & Spears 
1968), which precluded berthierine precipitation in seawater unless 
there was a markedly reduced salinity. More recently the role of 
organic matter in diagenetic reactions has been better understood; it 
gives rise to prolonged oxic and post-oxic reactions (Berner 1981). 
This allows for the authigenesis of iron-rich silicates in these 
environments (Spears 1989; Berner 1981). Kearsley (1989) has suggested 
ooid formation as precipitation of berthierine platelets around the 
edges of ooids. Subsequent 'tumbling' of the ooid would give a 
concentric laminar structure. 
Precipitation of berthierine from a fluid does occur in the North 
Wales Ironstones as cements infilling secondary pore spaces, and as 
microcrystalline cements in charrosite mud-ironstones, both in the 
diagenetic environment. However, this postdates phosphate nodule 
formation and siderite rhornb formation. It is clearly late diagenetic 
and therefore is not a suitable method for iron fixation in the marine 
sedimentary envirornrent. The geochemistry of the North Wales 
I~nstones further supports this. The immobile behaviour of aluminium 
would preclude its precipitation from an aqueous phase to form a large 
aIrount of berthierine. However, it has been shown that sedimentary 
chlorites do form in sandstones fram pore waters, but at the expense 
of kaolinite and carbonate (Curtis et ale 1985). 
The possibility of generating berthierine in the marine environment 
from a gel precursor has been proposed for oolitic ironstones (Harder 
1989, 1978). Gels allow the preconcentration of iron, aluminium and 
silica in seawater. The formation of various minerals from such gels 
has been dem:mstrated experimentally. Pulfrey (1933a) suggested ooid 
formation in the North wales Ironstones from gels. However, the role 
of gels in the formation of sediments has yet to be substantiated, and 
from later arguments it is roost likely the North Wales Ironstones 
fonned by another method. 
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The formation of berthierine from a mixture of kaolinite/iron oxides 
in reducing conditions is the J'OC)st generally accepted mooel 
(Bhattacharyya 1989, 1983i Kears1ey 1989; Velde 1989, 1985; Maynard 
1986, 1983; Van Houten & Purucker 1984; Bhattacharyya & KakiItOto 
1982), although organic matter may be involved in the reduction 
process (Curtis 1985; Curtis et ale 1985). The same process may also 
occur in pedogenic environments in the reducing parts of soil profiles 
(Siehl & Thein 1989). This type of berthierine formation is also 
consistent with the source for the iron, as kaolinite/iron oxide 
complexes and iron in colloids fram lateritic weathering. 
The modern day records of berthierine in the marine environment are 
as peloids, largely of faecal origin, forming on sediment starved 
shelves (Van Houten & Purucker 1984). Berthierine peloids and goethite 
proto-ooids are found along the Niger, cgoone and Orinoco deltas. 
Goethite proto-ooids are found near the coast whereas berthierine 
peloids are found further offshore. In a study of Cretaceous Egyptian 
ironstones, Bhattacharyya (1989) noted peloid and ooid formation in 
'lean muddy oolites' where peloids form as faecal pellets or 
flocculated peloids. However I the formation of peloids by 
precipitation, especially from gels within argillaceous sediments 
cannot be discounted. 
HCMever, one important aspect of the fixation of iron and 
berthierine formation is by rnicrobiota, an aspect which has been 
neglected for Phanerozoic Ironstones. The major function of iron for 
all life forms is the transfer of electrons, as iron easily changes 
its valence state and is also readily abundant (Nealson 1982). Iron 
may also be used by magnetotactic bacteria (Frankel & Blakemore 1984). 
Numerous microbiota are known to fix or uptake iron, or oxidize or 
reduce iron for energy (Chemotrophs). Siderophores are a class of 
compounds synthesized by bacteria or fungi that are excreted into the 
growth roodiurn to facilitate iron uptake (Nealson 1982). Iron fixing 
microorganisms would always be expected in an iron-rich environment 
(Dahanayake & Krumbein 1986). 
Nealson (1982) has reviewed the bacterial oxidation and reduction of 
iron and related this to biamineralisation in Precambrian Banded Iron 
Formations. Bacteria either oxidize or reduce iron as part of their 
energy cycle. Iron oxidation is either direct, by enzymatic or cell 
associated processes, or indirect, by other processes through which 
envirorunental conditions are altered and lead to oxidation of iron. By 
contrast bacterial reduction of iron, although it is knCMn to occur, 
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is a poorly understood process. In the Lower Gunflint Iron Formation 
abundant microfossils are found, similar in nature to the present day 
Metallogenium (a budding iron oxidizing bacteria). Similar 
microfossils are seen in other Precambrian iron ore deposits. Many 
Precambrian ore deposits, including iron, were probably directly or 
indirectly influenced by microbial and biogeochemical processes to 
concentrate the ore (Dexter-Dyer et ale 1984). 
By contrast, the role of microbiota in the formation of Phanerozoic 
Ironstones has, until recently, been under-errphasized. Early studies 
this Century recognised the presence of organically formed ferruginous 
allochems in both Ordovician and Jurassic ironstones of Britain, and 
mentioned their possible significance (Hallim:md 1951; discussion in 
Pulfrey 1933a). However, 'classic' Phanerozoic Ironstones are not 
suitable for the study of ferruginous microbiota. This is because 
oolites do not preserve any sign of organic activity as they are 
secondary accumulations and usually well sorted by winnowing (Bayer 
1989). The only trace of organic activity is as fine organic laminae 
in ooids (Chapter 4) or algal/cyanobacterial borings (Hayes 1915; 
Hallinnnd 1925). This becanes nnre apparent when publications on 
ferruginous organic structures indicate that they do not form in high 
energy oolite bodies. Instead they occur in lower energy environments 
as rrcineralised encrustations on hardgrounds (Gehring 1986), as 
limonite concretions (' snuff boxes') in stratigraphically condensed 
liroostones (Gatrall et a1. 1972), as oncoids in nearshore lagoonal 
environments (Bayer 1989) or as goethite, berthierine and calcite 
oncoids in sublittoral, low-energy muddy facies (Knox & Fletcher 
1989). 
In this respect the North Wales Ironstones contribute significant 
new infonnation about the role of microbiota in the fixation of iron 
and formation of ferruginous structures. Oncoids are found in the 
muddier facies, or in the poorly sorted grain-supported facies of the 
ironstones. In situ stromatolites, laterally equivalent to the final 
site of deposition of the oolite body, represent algal mats trapping 
the original sediment. Organic matter in ooids provided the material 
for reduction, allowing the preservation of berthierine in an 
oxidizing environment. Whatever the role microhes play in the fixation 
of iron and the formation of ironstones (eg Dahanayake & Krumbein 
1986) it is much more significant than previously recognised. 
I 
I 
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6.1.3 Formation of Ooids 
Ooids are a very important feature of Phanerozoic Ironstones as they 
are the principle iron bearing component. Many Irode1s for the 
formation of ferruginous ooids have been proposed, and these have been 
reviewed by Kearsley (1989) and Young (l989a). Fran the arguments in 
the previous section it is probable that berthierine and goethite, the 
primary cOI'1\X>r1ents of ferruginous ooids, were deposited and formed 
before the formation of ooids. Therefore the I'OC)st likely causes for 
the fOt1l'\Cl.t ion of ooids are (Young 1989a): 
1) Derivation of terrestrial soils. 

2) .!E. situ gra.rt.hs as 'microconcretions'. 

3) Fungal Mats. 

4} Mechanical accretion. 

It was originally thought that ooids were not reworked laterite soil 
ooids for a number of reasons. Bauxitic ooids have a radial and not 
tangential orientation (Bhattacharyya & Kakimoto 1982). Many nuclei to 
ooids are demonstrably marine in origin (Maynard 1983). Marine 
goethite has low aluininium su;)stitution while soil goethite has high 
aluminium substitution (Maynard 1986). However, it has recently been 
8~ that ferruginous ooids can foon with a concentric orientation in 
pedoJenic and hydrarorphic envir~nts. When these ooids are reworked 
they would fOml 'Minette type I ironstones (Siehl & Thein 1989, and 
Figure 6.1). HOIrJIever, it has been shown that the North Wales 
Ironstones have ooids with marine nuclei. Therefore this mechanism of 
ooid formation cal"! be discounted for the North Wales Ironstones. 
Intrasedimentary growth of ferruginous ooids in the soil envirol"lm3nt 
has been propc:>soo (Siehl .& Thein 1989) and discussed above. In older 
literature the idea of in situ 9rowt.l~ in the marine environtl'ent had 
great attractions" as it could account for the concentrically 
differir'i;! proportion of berthierine, goethite and apatite in ooids in 
marine ironstones (Hallim:>nd 1951). Therefore the concentric variation 
of ocrq;x)f$1tioo in ooids would reflect, at least in part, variations in 
the ehemi.cal environment of the formation of the ooid (Chauvel & 
QJerrak 1989).. ~ver, Kearaley (1989) suggests that much of the 
ooncentric Variation in the mineralogy of ooids is due to the 
different.ial action of di.agenetic processes in layers of the ooid with 
differirg porosity_ Therefore it is unlikely that this process would 
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result in the formation of ooids. Any concentric variation in 
mineralogy of ooids in the North Wales Ironstones has been shown to be 
due to diagenesis/subsequent alteration. 
A biological control of ooid formation has been proposed by 
Dahanayake & Krumbein (1986) • Ooids are I authigenically fomed 
biogenic grains' within fungal mats, based on observations fram the 
Minette ironstone of Lorraine. However, their descriptions do not 
match t.he sedimentolOJical work of Teyssen (1984), who described in 
detail the tidal reworking of the ironstone. Siehl and Thein (1989) 
have provided alternative interpretations to Dahanayake & Krumbein IS 
(1986) descriptions. However, as previously discussed, the biological 
control of the fixation of iron and formation of ooids in the North 
Wales Ironstones indicates that this process is under-emphasized and 
should be further investigated. 
Mechanical accretion of berthierine or kaolinite/iron oxide 
complexes to form ooids is the most favoured model for ooid formation 
(Bhattacharyya 1989, 1983; Chauvel & Guerrak 1989; Van Houten & 
Purucker 1984; Van Houten & Bhattacharyya 1982). It has the advantage 
of beirx.;J consistent with the lateritic weathering source model for 
ironstones, and consistent with the introduction of kaolinite/goethite 
complexes into the marine environment on sediment starved shelves. 
Chauvel & Guerrak (1989) have emphasized that one single process does 
not form ooids, and instead they suggest a two stage process. They 
advocate intrasedimentary accretion to form the inner part of an ooid 
and snowball (mechanical) accretion to form the laminae of ooids. 
Ironstones are IOC>St caruronly nucleated around a peloid, but also 
nucleated around phosphatic or calcareolls shell debris and quartz 
grains (Maynard 1983). Peloids may form by intrasedimentary accretion, 
flocculation or by faecal action. 
The process of ooid formation is by mechanical accret1.011 around a 
peloid or other nucleus. The rrost obvious mechanism is by direct 
analogy with carbonate ooids of snowball-type accretion (Van Houten & 
Purucker 1984). In this mechanism accretion is due to either 
adsorption onto ferric oxide/clay surfaces by 1) electrostatic 
interaction (Kearsley 1989; Gehring 1985), 2) ligand exchange 
reactions (Gehrirx.;J 1985), 3) coating the grain with a sticky mucus and 
accreting (Kearsley 1989; Dahanayake &Krumbein 1986). This applies to 
both goethite ooids (Schiavon 1988; Gehring 1989,1985; Van Houten & 
Purucker 1984) and berthierine ooids (Bhattacharyya 1989; Chauvel & 
Guerrak 1989; Van Houten & Purucker 1984~ Bhattacharyya & Kakirnoto 
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1982). ''The differences between goethite and berthierine ooids may 
simply be due to thermodynamic control. Under normal seawater 
conditions (pH 8) and dissolved ions, goethite and kaolinite can 
convert to berthierine, and fluctuations of Eh can mean either 
berthierine or goethite and kaolinite are stable (Maynard 1986). 
Therefore goethite and berthierine ooids reflect differing 
physiochemical conditions in the environment of formation. Berthierine 
ooids were formed in muddy environments with weak currents whereas 
goethite ooids were formed in more aerated agitated waters (Van Houten 
& Purucker 1984). 
However, there are ooids with a goethite nucleus but with 
berthierine laminae (Knox & Fletcher 1989), indicating an intimate 
link between the two environments. Goethite in marine ooids has a low 
aluminium substitution (and therefore is not soil derived); any 
aluminium in goethitic ooids is therefore due to the presence of clays 
(kaolinite) (Maynard 1986). Clearly there is no later alteration of 
goethite to berthierine as goethite ooids which contain kaolinite are 
preserved. 
Ooids ( and oncoids) in the North Wales Ironstones were formed and 
deposited in the marine environment on sediment starved shoals. 
Initially the lateritic weathering material was deposited and began 
forming berthierine, either as mud or flocculated peloids or faecal 
pellets. Algal or bacterial mats probaly had a trapping and then 
stabilizing influence on the sediment. Ooids were formed by mechanical 
accretion around peloidal, quartz grains and sponge spicule nuclei. 
This accretion process may have been helped by a sticky mucus fran 
algal activity, bacterial reduction of which provided the conditions 
needed for berthierine formation and preservation. More intense algal 
activity also encouraged the formation of oncoids. Once formed ooids 
were rev.urked away fran the site of formation, where intense algal 
activity was reflected by the presence of stranatolites and oncoids, 
to the site of final deposition. 
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6.2 FACIFS l«:>DEL 
The sedimentary conditions under which ironstones form has recently 
attracted a great deal of research (Van Houten & Purucker 1984; Van 
Hooten & Bhattacharyya 1982). Nurreroos authors have assigned 
sedimentary models to explain the formation of a particular ironstone 
(Bhattacharyya 1989; Knox & Fletcher 1989; Young 1989 bi Van Houten & 
Karasek 1981; Gygi 1981). However, to date only one general facies 
model for Phanerozoic marine berthieroid/iron oxide oolitic ironstones 
has been proposed (Van Houten & Purucker 1984; Van Houten & 
Bhattacharyya 1982). 
In this section the facies model proposed for ironstones is 
surrmarised. The North Wales Ironstones are canpared to this facies 
model and the similarities and differences discussed. Finally, some 
suggested modifications to this model are made. 
6.2.1 Facies Models for Phanerozoic Oolitic Ironstones 
This facies model is for Phanerozoic marine berthieroid/iron oxide 
oolitic ironstones, and therefore does not include glauconite iron 
ores (Hallam & Maynard 1987), fresh water oolitic ironstones (Davidson 
1961), residual lateritic ironstones (see previous section and Siehl & 
Thein 1989) or bog iron ores (Spears 1989) • The following 
characteristics are typical for Phanerozoic marine berthieroid/ iron 
oxide oolitic ironstones (Van Houten & Bhattacharyya 1982 and Figure 
6.2): 
i An Ironstone Formation may consist of a number of sandy or muddy 
shoaling up sequences. These asyrrmetric shoaling upward sequences 
are predominantly, but not exc1usively I capped by an ironstone. 
ii The base of the shoaling up sequence is characterised by mudstone 
with thin beds of silt and sand, carm:>nly with h\.JIl1JOCky cross 
stratification and bioturbated. This is followed by a variety of 
bioturbated sandstones. Away fran this sandy input the upper part 
of the sequence is bioturbated muds with ooids. Where normal 
sedimentation waned, cross-bedded oolites developed. 
iii Thin offshore ironstones laterally equivalent to the oolite bodies 
can occur and are distinctive in containing abundant intraclasts 
and bioclastic debris, subordinate ooids and both ferric oxide and 
calcite cements. 
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Figure 6.2 Facies model for Phanerozoic Oolitic ironstones contained 
in shoaling-up detrital sequences (after Van Houten & 
Bhattacharyya 1982). This emphasizes the relation of the 
ironstones to prolonged regression and relatively rapid 
transgression. 
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iv 	 Oolitic ironstones are covered progressively by marine mud or a 
thin fine-grained basal sandstone. Many oolites are interrupted or 
succeeded by and laterally correlate with thin lenticular and 
nodular ferruginised hardgrounds. Some ironstones are covered by a 
thin ferruginous phosphatic sandy intraclast layer or lag deposit. 
Oolitic ironstones are condensed deposits accumulated during the 
transition between a regression and transgression. They occur in 
detritus starved habitats , with a rarity of detrital 
grains in the oolite bodies or as nuclei to ooids. There is an absence 
of markedly asyrtm3tric ooids (?oncoids), characteristic of very low 
energy environments, indicating repeated reworking of grains by 
currents and burrowers. Ironstones succeeded by hardgrounds represent 
a canplete cessation of sediment influx. The barren sea floor was 
subject to submarine weathering, burrowing and mineralisation by 
ferric oxide and phosphate. Ironstones succeeded by lag deposits 
represent a local development when relatively high energy winnowing 
and transport by waves and currents of a renewed transgression spread 
across mudflats and crests of ooid bars. 
Ironstones occur in a variety of shelf environments ranging fran 
coastal/lagoonal to an offshore setting, but are predaninantly 
associated with deltaic canplexes. Sane ironstones are contained in 
carbonate or mixed siliciclastic/carbonate sequences. The asymetric :'ly'l 
shoaling upward sequences conrnenced with ruddy open shelf sediments 
settled from turbulent or colloidal suspension with thin sandy layers I 
spread by storm surge currents. They were then bioturbated during fair 
weather sedimentation. The following sandstones accumulated at the ,front of a small prograding delta, characterised by deltaic 
i~~jdistributary channel-mouth sands reworked by waves and littoral 
currents to form shoreface and delta front sandbodies, or a shoreline ~.'.:•..•..,.•.'.!complex of bars and lagoons. More variable shoaling upward carbonate i~ sequences ca:nnonly began with offshore fossiliferous calcareous mud 	 ~ L ••. t':~1~J~~with patches of shell debris and carbonate ooids, succeeded by shallow f\.0li.•••..•••.•..••.•.•...•.. nearshore lime-rich mud. ScJl:e sequences ended with coastal oolitic and . 
bioclastic deposits. .. 
Most oolitic ironstones developed after the accumulation of a l:'.l 
shoaling shoreline sequence, during delta lobe abando~nt or other 
sediment starvation, allowing the formation of an ironstone. Sane were 
" r'-?>formed in a late stage regression, for example during temporary waning 
of sediment influx along a prograding shoreline, or before the end of ;I·.·.·.·.·.~.'.·
~';~1: 
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a regression in areas remote from deltaic influx. Ooids were 
transported fran their place of fonnation by coastal currents and 
concentrated in accreting cross-bedded bars. InteIfUptions in 
accumulation, probably due to shifting currents, permitted increased 
burrowing. Thin offshore intraclast-rich ironstones represent the 
seaward spreading of the ironstone by storms that swept across coastal 
ooid banks. Marine mud succeeding the ironstones indicate the advance 
of a renewed transgression developed on a discordance. 
The two most important features of marine oolitic ironstones are 
their vertical shoaling upward sequences and their cyclic 
sedimentation (Figure 6.2; Van Houten & Purucker 1984). With this 
reconstruction of a model for an ironstone it is important to 
establish the controls of formation of these features, which vary 
between sedimentary basins (Van Houten & Purucker 1984). They may 
result from local autocyclic (intrabasinal) controls, such as the 
growt.h and abandonrrent of delta lobes or the migration of a tidal 
sandwave, or due to regional allocyclic (extrabasinal) controls, such 
as the tectonic control with intermittent subsidence or repeated 
eustatic rise in sea level. 
6.2.2 Comparison with the North Wales Ironstones 
The North Wales Ironstones show sane marked differences to this 
generalised facies model. However, the two share many similarities as 
follows. The North Wales Ironstones occur in a muddy asymmetric 
shoaling upward sequence, the base of which is a mudstone which grades 
up into bioturbated mud-ironstones with ooids and oncoids and finally 
an oolite body. They are condensed deposits with thicker clastic 
sedimentation elsewhere, and they occur in detritus starved habitats, 
with a rarity of detrital grains in the oolite bodies or as nuclei to 
ooids. The North Wales Ironstones do contain ferruginised hardgrollnds 
(stromatolites), as lateral equivalents to oolites, and phosphatic lag 
deposits, but within, not at the top of, the ironstone sequences. In 
the ironstones the ooids are transported from the place of origin and 
concentrated in accreting cross-bedded bars. Cessation of accumulation 
allowed for bioturbation and a subsequent covering by marine mud. 
These similarities are significant as they indicate that the North 
wales Ironstones share the same general sedimentation pattern to the 
facies rrodel. 
The North Wales Ironstones do show Scm::li significant differences. 
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They are only a single asymmetric shoaling upward sequence, and they 
show no association with a deltaic complex, coastal barrier bar or 
lagoonal setting. Instead they occur offshore, but are not thin 
offshore stonn reworked beds of coastal ooid bars. 
These differences from the ironstones facies model demonstrates the 
importance of synsedimentary faulting on the control of sedimentation 
of the North Wales Ironstones. Although sedimentation at the time of 
ironstone deposition was predominantly fine-grained, the North Wales 
Basin was still tectonically active (Fitches & Wocxicock 1987). The 
parochial nature of ironstone deposition on stratigraphic hiatuses 
indicates that syn-sedimentary faulting had a strong control on 
ironstone deposition, and is also known to have had a major control on 
the sedimentation and volcanicity within the North Wales Basin 
(Fitches & Campbell 1987; Kokelaar et a!. 1984). The occurrence of 
debris flows within the ironstones further substantiates the 
significance of contemporaneous fault control. Condensed ironstone 
sequences, deposited above a stratigraphic hiatus, with phosphatic 
enrichment and lack of clastic dilution, formed at different times and 
in different places on short-lived shallow water shoals within the 
North Wales Basin, as is the case with similar deposits in the 
Jurassic (Hallam 1975; Sellwood & Jenkyns 1975). Eustatic falls of sea 
level would have tended to emphasize the significance of such shoals 
(Hallam & Bradshaw 1979). 
Other Ordovician Ironstones may have a hardground beneath, either 
phosphatic or sideritic, on which the ironstones form (Young 19B9b). 
Clearly the presence of a stratigraphic hiatus beneath the North Wales 
Ironstones indicates non-deposition or erosion. No siderite or 
phosphatic hardgrounds have been found beneath the North Wales 
Ironstones. The association of algae/bacteria with the ironstones and 
the presence of strcrnatolitic hardgrounds, which may originally have 
had a binding ·effect of sediment on the shoal, were the most probable 
causes for stabilizing chamositic mud-ironstone (Dahanayake & Krumbein 
1986) on the shoal, which are the basal beds of the North Wales 
Ironstones. 
Cyclic sedimentation is a ccmm::m feature of oolitic ironstones, 
which for individual shoaling-up sequences is an autocyclic control, 
for example the Cleveland Ironstone Formation (Rawson et al. 1983), 
the Minette Ironstone (Teyssen 1984) and the Devonian Libyan 
ironstones (Van Houten & Karasek 1981). Small-scale (autocyc1ic) 
sedimentation is seen at Bryn Poeth, with O.5m thick ironstone cycles 
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capped by a thin grain-ironstone, canparable to coquina beds at the 
top of other ironstone cycles (Teyssen 1984). The fact that the 
majority of the North Wales Ironstones preserve only one 'cycle' of 
sedimentation, a vertical shoaling-up sequence, indicate the short 
lived nature of the shoals upon which the ironstones were formed. The 
association of oolitic ironstones with shorelines (Bayer 1989; Van 
Houten & Purucker 1984; Van Houten & Bhattacharyya 1982) is seen for 
the Anglesey ironstones in North Wales. The ironstones of Central 
Anglesey, occurring in the basal beds of the gracilis transgression, 
have been shown to be shoreline related. 
The North Wales Ironstones do not fit the standard model proposed 
for marine oolitic ironstones (Van Houten & Purucker 1984; Van Routen 
& Bhattacharyya 1982). However there are enough similarities to 
indicate a genetic link between the North Wales Ironstones and the 
Phanerozoic Ironstone facies model. 
6.2.3 Suggested Revisions to the Ironstone Facies Model 
This comparison of the North Wales Ironstones with the Phanerozoic 
Ironstones facies model has revealed some shortcomings. For example 
sane ironstones have formed on offshore shoals, as in the Jurassic 
(Hallam 1975; Sellwood & Jenkyns 1975). Although these ironstones have 
sane features in cc:mron, they also have many differing sedimentary 
features. It is not within the scope of this thesis to propose a new 
facies model for Phanerozoic Ironstones. However, from what has been 
discussed in this chapter and also reviewed by Young (l989a), the 
following four broad models for the formation of marine oolitic 
ironstones can be suggested. 
1) The generation of ooids in lagoons or nearshore environrrent, and 
their subsequent reworking into ooid bars and offshore storm reworked 
deposi ts (Bayer 1989; Van Routen & Purucker 1984i Van Houten & 
Bhattacharyya 1982). 
2) The generation of ooids and the develop:rent of oolitic ironstones 
on offshore swells Which receive little clastic sediment, but upon 
which the sediments may be intensively reworked (This work; Trythall 
et al. 1987; Hallam 1975; Sellwood & Jenkyns 1975). 
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3) The in situ development of ooids on marine shelves during phases of 
sediment starvation, such as that produced by rising sea-level (Young 
1989b) • 
4) The generation of ooids in the lateritic soil environment (Siehl & 
Thein 1989; Nahon et ale 1980). These ooids may be reworked by a 
transgression into the marine envirorurent and deposited by tidal 
currents to form 'Minette type' ironstones (Siehl & Thein 1989; 
Teyssen 1989, 1984). 
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6.3 GIOOAL CCM.'R)LS ON PHANEROZOIC IR::)NS'].'(NE FORMATIOO & DISTRIBUTION 
The terrpora1 distribution of Phanerozoic Colitic Ironstones is 
variable throughout the Phanerozoic. However, there is a pattern to 
the temporal and spatial occurrence of the Phanerozoic Ironstones. The 
three major controls on the distribution and formation of ironstones 
are palaeoclimate, regional/global changes and tectonic setting, and 
these controls are now well documented for Phanerozoic Ironstones. 
However, some major paradoxes arise when comparing the formation and 
distribution of the North Wales Ironstones to the general ironstone 
model. These are discussed below. 
6.3.1 Palaeoclimate and Lateritic weathering 
Phanerozoic Ironstones were predcminantly fonned in two 170 Ma 
periods, earliest Ordovician to latest Devonian and earliest Jurassic 
to middle Cenozoic (Van Houten & Bhattacharyya 1982). These two 
congenial periods are essentially 'greenhouse' stages of Phanerozoic 
history, marked by a mild climate and a generation of prolific organic 
matter (Van Houten & Bhattacharyya 1982). They correspond to high 
partial pressures of CO2, possibly produced by mantle outgassing (Van 
Houten 1985) and by increasing the rate of chemical weathering (Van 
Houten & Arthur 1989). There is also a correlation of general 
ironstone distribution on f1001ed landmasses adjacent to crudely 
outlined east-west trending seaways I allowing enhanced ocean 
circulation around the cratonic blocks on which the ironstones formed 
(Van Houten & Bhattacharyya 1982). 
The evidence for a lateritic weathering source for the North Wales 
Ironstones has been discussed in Chapter 3 and Section 6.1.1. 
Lateritic weathering for Mesozoic Ironstones, associated with deeply 
weathered, well vegetated, low-lying landmasses I has been well 
established (Hallam 1975). However, if lateritic weathering is a 
source not only for the North Wales Ironstones but the majority of 
Ordovician Ironstones (Young 1989a), then two factors do not agree 
with this. Firstly, the majority of Ordovician Ironstones (including 
the North Wales Ironstones) aCCUIll.l1ated at mid to high 1at itudes. 
Either around the northern edge of Gondwana (Young 1989b1 Van Houten 
1985), which layover the south pole, or as a separate Avalonia plate 
separated from Gondwana by the Rheic Ocean (McKerrow & Cocks 1986). 
This is based on cold water faunal associations (Fortey & Cocks 1986; 
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Cocks & Fortey 1982) and with no evidence of warm humid climates (red 
beds, carbonates or lateritic horizons - Van Houten in Boucot & Gray 
1986). Secondly vascular land plants I needed to help in the process of 
weathering, had not evolved by Ordovician times (Van Houten 1985), 
although Bryophytes (eg mosses) may have been present (Boucot & Gray 
1986) • 
Despite the restriction of cold climate and absence of land plants, 
the North Wales Ironstones have typical characteristics of an 
ironstone derived fram lateritic weathering. One suggestion is that a 
higher partial pressure of carbon dioxide in the Ordovician atmosphere 
may have produced J'OC)re acidic groundwaters at high la titudes (Van 
Houten 1985), which may have been capable of producing chemical 
weathering similar to that seen in well vegetated tropical la titudes 
today (Young 1989a). It is difficult to envisage a process to generate 
lateri tic weathering in these conditions, and the problem remains 
unresolved. 
Myers (1989) has shown that detrital kaolinite (now berthierine) 
occurs in the clastic mudstones within the Cleveland Ironstone 
Formation, indicating a continuous supply of lateritic material onto 
the shelf that was concentrated into an ironstone only at specific 
times. Similarly, examination of published XRD and EPMA data for 
Arenig. to Caradoc clastic mudstones in the North Wales Basin 
(Merriman & Roberts 1985) indicate that sedimentary chamosite 
(originally berthierine and therefore 7kaolinite) is present 
throughout this rudstone dominated sequence. This would therefore 
indicate a small but continuous supply of lateritic material 
(kaolinite/iron oxide canplexes) into the North Wales Basin, also 
indicated by the presence of the Bryn Poeth and Tremadog ironstones. 
However, only other favourable factors allowed the formation of an 
ironstone. The source of iron increases to form ironstones only when a 
major regression exposes land for weathering. 
6.3.2 Regional Controls 
The Phanerozoic Ironstone record suggests temporal cyclic patterns 
of distribution wi thin sedin:entary sequences on several different 
scales, and within this pattern Phanerozoic Ironstones are developed 
repeatedly in about 15 major sedimentary successions preserved in 
about 10 major sedimentary basins (Van Houten & Arthur 1989). The 
first scale of cyclicity is two 170 Ma episodes, earliest Ordovician 
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to latest Devonian and earliest Jurassic to middle Cenozoic, in which 
ironstones are abundant (Van Houten & Bhattacharyya 1982). These 
episodes are charaterised by high stands of sea level (Figure 6.3), 
with cratonic basins flooded by a general rise of sea level (Van 
Houten & Bhattacharyya 1982). Within these episodes, there are long 
enduring or reoccurring conditions for ironstone deposition which 
prevailed for a few to several tens of millions of years (Van Houten & 
Arthur 1989). Within these basins at relatively high stands of sea 
level, repeated ironstone development is related to eustatic changes 
of sea level, either at the end of regression, during a still stand or 
at the start of a transgression (Young 1989b; Hallam &Bradshaw 1979). 
Ironstones can also repeat on the several hundred thousand year time 
scale (Van Houten & Arthur 1989), with one explanation relating this 
repetition to Milankovitch cycles (Van Houten 1986), although much 
care is needed in distinguishing autogenic (local) controls frem 
allogenic (regional) controls. 
Within the Ordovician three stratigraphic levels have a particularly 
widespread and abundant distribution of ironstones, in the Lower 
Llanvirn, the Lower Caradoc and the Lower Ashgill, which correspond to 
global eustatic rises of sea level (Young 1989b). Ironstones 
particular to these stratigraphic levels are thin but persistent, even 
in relatively offshore areas, and are remarkably similar between the 
different stratigraphic levels. The repeat for this variation is 10-15 
Ma (Young 1989b). However, the ironstones do not correspond to the end 
of a regressionjbeginning of a transgression or the stillstand as do 
the majority of Phanerozoic Ironstones, but instead occur well within 
the transgression at high stands of sea level. It has been suggested 
that the transgression was reworking into the marine environroont 
lateri tic weathering material formed by the exposure of land during 
the previous regression (Young 1989b). 
McKerrow (1979), Fortey (1984) and Fortey & Cocks (1986) have shown 
the Upper Arenig (hirundo Biozone) and Llandeilo (teretiusculus 
Biozone) to be times of major eustatic regression. The Upper Arenig 
ironstones in North Wales all coincide with the hirundo regression or 
the initial phase of the subsequent transgression. The majority of the 
Mid-ordovician ironstones likewise coincide with the teretiusculus 
regression or gracilis transgression. However, the Bryn Poeth (Upper 
Llanvirn) and Tremadog (basal Caradoc) ironstones, forming at high sea 
level, indicate that eustatic changes alone do not account for the 
formation and distribution of the North Wales Ironstones. 
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MA Oolitic Ironstones 
OT--k----~------------~----~~r_~~~~ 
lOO K 
200 J.-44-=====-­
Figure 6.3 Phanerozoic record of berthieroid/iron oxide oolitic 
ironstones, with estimated sea level curves, Gl - widespread 
glaciation (after Van Bouten 1985). 
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6.3.3 Tectonic Controls 
It has been proposed that Phanerozoic OJlitic Ironstones occur in 
three different basin frameworks (Van Routen & Bhattacharyya 1982): 
1) Along cratonic margins at times of divergence or initial 
convergence of lithospheric plates. Many of this type were later 
deformed by orogeny (eg Garzanti et al. 1989)w 
2) Intracratonic basins generally dominated by prolonged stability. 
The widespread middle and late Mesozoic ironstones of northwest Europe 
were deposited in a canplex intracratonic setting in the nor-thwest 
transgression of Tethys across faulted Caledonian &Variscan terranes. 
3) Foredeeps along the interior side of m:::>bile belts at times of 
diminished deformation and curtailed detrital influx. 
The third setting for ironstones is rare in ccroparison to the other 
two settings (Figure 6.4). 
The distribution of Phanerozoic Ironstones through time reflect a 
change in basin fraroowork (Van Routen & Bhattacharyya 1982). 
Palaeozoic ironstones predominantly formed on the cratonic margins of 
drifting blocks of Laurasia & Gondwana in the southern hemisphere, 
whereas Mesozoic ironstones formed on intracratonic flooded blocks of 
Laurasia and Gondwana in the northern hemisphere (Figure 6.5). 
Despite these different settings both were characterized by broad 
shelves and general tectonic stability or subdued orogeny (Van Routen 
1985) and landmasses with low relief flooded by shallow epeir0g'enic 
seas, which therefore had a high potential for the formation of 
extended shallow bays and lagoonal environments needed for the 
formation of ironstones (Bayer 1989). This indicates that different 
tectonic settinJs still give the saroo local controls of ironstone 
formation. 
The most likely source for the North Wales Ironstones was the 
emergence of the Irish Sea Landmass (George 1963) to the northwest of 
the North wales Basin, which is also coincident with the occurrence of 
a widespread hiatus throughout Southern Ireland during the Llandeilo 
(Williams et ale 1972; Bruck et al. 1979). This is substantiated by 
the feebly oolitic ferrified grits of Anglesey which form part of the 
basal beds of the gracilis transgression over rocks of Monian, 
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Figure 6.4 Geographic distribution of Phanerozoic Oolitic Ironstones 
on cratonic masses: c - intracratonic basin, f - foredeep, m ­
cratonic margin (after Van Houten & Bhattacharyya 1982). 
Unfavourable episodes and intervals thick line along the right 
side of the chart. Diagonal pattern - continental glaciation. 
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1 
a) Ordovician 
b) Jurassic 
Figure 6.5 Distribution of Early to early Late Jurassic (b) and Early 
to early Late Ordovician (a) oolitic ironstones on 
palaeocontinental reconstructions (after Van Houten 1985). b) 
Jurassic - shorelines border patterned landmasses except where 
modified with thick lines for early Jurassic positions. Asterisks 
- poles; upright triangles Early Jurassic ironstones; hourglasses 
- Early and Middle Jurassic ironstones; inverted triangles ­
Middle Jurassic only. a) Ordovician - pattern indicates land 
areaS; asterisk Middle Ordovician south pole; large circle - south 
pole at end of Ordovician; numbers - ironstones on Armorica and 
Gondwana; dots ironstones on other landmasses. 
-212­
Cambrian and Ordovician age. The probable metarrorphic nature of the 
adjacent landmass is indicated by the deformed quartz and feldspar 
grains in the Bryn Paeth ironstone and deformed quartz grains in other 
Anglesey and LlYn ironstones. 
A major paradox for this source for the ironstones is that the Irish 
Sea Landmass (Mona Terrane), a suspect terrane accreted onto the Welsh 
Basin at the start of the Cambrian (Gibbons &Gayer 1985), is now only 
a thin strip between the Welsh Basin and the Leinster-Lake District 
Basin. It is unlikely that this could have supported lateritic 
weathering on a large enough scale to supply the material for 
ironstone formation, or even as a major source of sedirrents in the 
Welsh Basin (Kokelaar et ale 1984; George 1963). However, strike slip 
faulting has recently been recognized as a major process in the 
Southern Caledonides (Gibbons & Gayer 1985; WOodcock 1984) and so the 
possibility of a terrane now removed by strike slip faulting cannot be 
ruled out, especially as major displacerrents of Ordovician or even 
later age through or northwest of Anglesey cannot be discounted 
(Fitches & WOodcock 1987). 
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6.4 SUMMARY AND Stn;ESTIONS FOR FURl'HER w)RK 
This comparison of the North Wales Ironstones to other Phanerozoic 
Oolitic Ironstones has highlighted a number of significant features, 
which are s1..1Il'U'!\arized below. One of the most significant questions 
raised by the North Wales Ironstones is the role of micrObiota/organic 
matter in the formation of Phanerozoic Ironstones. The initial effect 
of algae/bacteria was to trap iron-rich sediment on sediment starved 
offshore shoals, sometimes forming algal stromatolites (hardgrounds). 
Once the sediment had been stabilised it allowed for the formation of 
ferruginous allochems and reduction of iron to form berthierine. The 
role of microbiota/organic matter on ooid formation was indirect, 
although the formation of oncoids and stranatolites was a direct 
result of microbial activity_ 
The significance of the North Wales Ironstones to the North Wales 
Basin is that they provide sedimentological information during a 
perioo when the sediJrentary sequence was predcrninantly fine-grained. 
The ironstones deronstrate that synsedimentary faulting, which was a 
major control of volcanism and sedimentation in the North Wales Basin, 
was active during this perioo and was one of the main controls on the 
distribution and formation of the ironstones. The ironstones also give 
further information of the status of the Irish Sea Landmass to 
sedi.Jrentation. It must have been an extensive low-lying metarorphic 
terrane undergoing same form of lateritic weathering at least 
throughout the Lower and Middle Ordovician. However, a major eustatic 
regression further exposed land for deep chemical weathering to form 
the source of the ironstones. 
A comparison of the depositional model of the North Wales Ironstones 
with a proposed facies model for Phanerozoic marine berthieroid/iron 
oxide oolitic ironstone has made further enlightenment on the controls 
of deposition of ironstones. The facies IOC>del advocates their 
deposition in a deltaic/nearshore/lagoonal enviroIlm:!nt. The North 
Wales Ironstones indicate a basic similarity to the facies m:Jdel: a 
shoaling up sequence capped by an ironstone, formed fran lateritic 
weathering material, secondary accumulations in cross-bedded oolites. 
However, the differences between the two indicate that more than one 
sedimentary setting can proouce the factors necessary for the 
formation of ironstones. 
This thesis has covered all aspects of the North Wales Ironstones. 
With this background suggestions for further work on the North Wales 
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Ironstones can be suggested. The role of microbiota within the 
ironstones has shown to be highly significant; this role could be 
studied further for both the North Wales Ironstones and other 
Phanerozoic Oolitic Ironstones. A detailed BSEI study of the ironstone 
textures (after Kearlsey 1989), would give much further information on 
sedbnentary and diagenetic micro-textures. A study of the major, trace 
and REE geochemistry of other Phanerozoic (bli tic Ironstones would 
bring out the significance of the North Wales Ironstones geochemistry. 
In particular the REE content of ironstones would indicate similar 
fractionation processes forming the source of ironstones. Finally, the 
use of stable isotopes of the diagenetic phases in the ironstones, for 
el3example of siderite, would give much further infonnation on the 
source and processes of diagenesis. 
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APPENDIX 1 
TABLE OF LClC'ALITIES OF lRONSTOOE SAMPIES 
Table of the localities of all ironstones samples taken for thin 
section (T .S. ) (polished thin sections encircled), point counting, XRD, 
EPMA, XRF and I CP. 
Rock types are as follows: 
G - grain-ironstone 
P - pack-ironstone 
W - wacke-ironstone 
M - mud-ironstone 
p/M - pack-ironstones lense in mud-ironstone 
w/M - wacke-ironstones lense in mud-ironstone 
R!P - rud-ironstone in pack-ironstone
R/W - rud-ironstone in wacke-ironstone 
F/P - float-ironstone in pack-ironstone 
F/W - float-ironstone in wacke-ironstone 
F/M - float-ironstone in mud-ironstone 
B - bind-ironstone 
FG - ferruginous grit 
SI - sideritic Ironstone 
D - debris flow 
V - vein material 
SST - sandstone 
MDST - mudstone 
-234­
LOCALITY 	 SAMPLE ROCK GRID T.S. POINI' XRD EPMA XRF ICP 
No. TYPE REF. COONT 
PORTH AA12 S1 3756 9434 X X 

PADRIG 

FFERAM FUI FG 3626 8775 X 

UCHAF FU2 FG X 

FU3 FG X 

TYNRONEN 	 Mlla W 4327 7932 X X 

Mllb P X 

BRYN 	 BPOOI SST 6016 7958 X X 

POETH 	 BPI P/M X 

BP2 P!M X X 

BP3 W X X 

BP4 P/M X X 

BPS W X X 

BP6 P X X 

MIOC F/W ® X X 
 IMIOD G ~ X 

AAlOE P ® X X I 

MIOF P X X X 

MIOG P 	 X X X X X 
 I IMIS M X 

M16 M X 

M17 P X X 

TREFOR 	 TFOOI M 3715 4747 X 

TFOO2 M X X 
 i 

TFOO3 M X \ 

1
TFOO4 M 	 X i
TFOOS M 	 X i 

TRVI F/P X X I 

TRV2 F/P X 
LP68A M X i 
! 

i 
j

TRV3 F/W X I 

TRV4 F/P X X j 

TRV5 W X i 

LP68B F/P X ! \ 

LP68C F/P X I 

I 	 I
LP68E M X 	 1 

I
LP68F F/P 	 X X jLP68G F/W X I 

LP68H F/W X ! 

LP681 F/W §!I j 
I 

LP71A Rip 3687 4741 X 
 I
LP7lB W X 

LP71C F/M X 
 i 
j
LP71D R/W 	 X 
_-1I 
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lOCALITY SAMPLE 
No. 
TREFOR LP72A 
LP72B 
LP72C 
IP72D 
LP73A 
LP73B 
LP73C 
LP73D 
LP73E 
PEN Y LP19A 
GAER LP19B 
LP19C 
PYG 
PYG1 
PYGlA 
PYG2 
PYG2A 
PYG2B 
LP20A 
LP20B 
LP20C 
LP22A 
LP22C 
LP22D 
CRAIG­ LP30A 
-FRYN LP30B 
LP32 
CREIGIR LP33 
UCHAF 
UANEN­ LP24A 
-GAN LP24B 
LP24C 
LP24D 
LPI 
IPIT ABOVE LP41A 
~N DY LP41B 
~EL LP41C 
LP41D 
ROCK 

TYPE 

F/p 
P/p 
pip 
Pip 
R/W 
W 
F/W
p/W 
F/W 
W 
P 
W 
W 
F/P 
M 
W 
M 
M 
D 
p/W 
W 
P 
W 
P 
W;M 
D 
W 
F/W 
P 
W 
p/W 
W 
w 
F/W 
F/W 
W 
F/W 
GRID T.S. POINT XRD EPMA XRF ICP 
REF. COONI' 
3676 4739 	 ~ X 
X 
X 
X 
3672 4739 	 X 
X 
X 
X 
X 
2982 2832 	 ~ X 
X X 
X 
X 
2984 2829 	 X X 
X 
X X 
X 
X 
X X 
X 
X 
2990 2821 ~ X X X X 
' X 
X X X X X X 
2971 2766 X 
X 
2997 2782 X 
2989 2806 	 X X 
2947 2731 	 X X X 
X 
X X X 
X X 
X 
2994 2706 	 X X 
X 
X 
X 
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lOCALITY SAMPLE rocK GRID 
No. TYPE REF. 
HEN DY 
CAPEL 
HC 
HCA 
LP57A 
F/W 
F/W 
F/W 
3002 2714 
LP57B 
LP57C 
LP57D 
LPS7E 
LP57F 
LP57H 
F/W 
F/W 
F/W 
F/W 
F/W 
F/M 
ABER SN17A G 6689 7243 
SN17B G 
AB G 6693 7245 
ABA P 
ABB P 
SN18A G 
SN18B G 
ABOO2 V 6699 7296 
GORD­ SN20A B 6789 7294 
-DINCG SN20B B 
SN20C R 
SN20D F/M 
SN20E B 
Cl+i SN26A W? 6773 6496 
CASffi SN26B W? 
SN26C W? 
AS SN27A W? 6429 6224 
SN27B W? 
BWLCH Y SN21 P 6404 6125 
CYWIOO SN22 F/M 
LLAN­ SN16A D 6114 5801 
-BERIS SN16B D 
VALLEY SN16C D 
T.S. POrm XRD EPMA rcpXRF
a::x.m 
E 
X 

X 

X 

X 

X 

X 

X 

X 

E 
X 
X X 
~ X X X X 
~ 
~ X 
X X X 
~ X X 
X 
X 

X 

X 

X 

X 

X 

X 
X 
S 
X 

X 

X 
X 
X 
X 
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IOCALITY 	 SAMPLE ROCK GRID T.S. POINT XRD EPMA XRF rcp
No. TYPE REF. COUNT 
BETWS 	 SN14G P 5443 5793 X X 

GARMJN 	 SN14H P X X 

SN141 P X 

SN14A F/W 5433 5778 X 

YFG F/W 5431 5777 ~ X X 

SN14D P 5424 5768 X X 

SN14E P X 

SNI4F P X 

SN14B P 5386 5735 ® X X X 

YFA P LC03E ~ X X X X 

YFB W SAMPLES C§. X X 

YFC P (538 573) X X 

YFE P X 

YFF W X X 

YFX P X 

SN15A MOST 5332 5697 X 

SN15B P X X X X 

SN15C P ® X 

TYDDYN 	 TDOOI P 5442 4099 X 

DEU~ 	 TDOO2 P X X 

TD003 P X X X 

TD004 P X 

SN13A P X 

SN13B P X X X 

SN13C M X 

TREMA!X)G 	 TR D 5527 4028 X 

TRl D X 

78144 F/W X 

SN12A D X 

SN12C F/P X 

SN12D F/P X X 

SN12E P X X 

SN12F W 	 X 

PENSY- PSF1 G 5619 3958 X 

-FI.(X; PSF2 B X 

pm YR SNI1A W 6306 4118 X X 

ALLT SNIIB W X X X X 

PYA! W 6285 4093 X 
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I.OC'.ALITY 	 SAMPLE ROCK GRID T.S. POINI' 	 XRD EPMANo. TYPE REF. 	 XRF rcpCOUNT 
FFORDD 	 CI Y P 6477 1283 X XDOO 	 CllB W X XCI P Xcn W 	
~ 
XCI2A M 	
~ 
X XFOl P X 	 XFD2 P X 	 XFD3 W X 	 XFD4 P X 	 X
FOlO W X 
FDll W X 
FD12 W X 
FD13 R/W X 
CIl29 W/M X XX 
FOXES 	 CI104 W 7104 1378 X X 
PATH 
BWLCH 	 CIl23 M 7495 1557 X X X 
COCH 	 CI130A M X X 
CIl30B P X X X X 
CIl30C W ~ X X X X X 
CROSS 	 CI132 P 7591 1634 X X 
FOXES 	 CIl34 P 7595 1639 X X X 
CIl36 P 7602 1647 S X X X X 
Cll37 P 7606 1652 ~ X X X X 
TYLI.AU 	 CI200 5 P 8441 2054 X X 
MWN 	 CI200 6 P X 
CI200 7 P X 
CI200 8 P X 
LI.ANEG- cnoo M 5906 0626 X 
-RYN 
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APPENDIX 2 

<no1POSITIOOAL AND GRAIN-SIZE ANALYSIS 
Canpositional and grain-size analysis data for the North Wales 
Ironstones (phosphate nodules excluded). 
Composition by point counting thin sections (n=300) differentiating 
between quartz grains, ferruginous allochems and matrix. Lettering for 
rock types fran Appendix 1 
Grain-size analysis using an eyepiece graticule and point counter. 
Data for ooids (including oncoids and peloids) is given as minimum, 
maximum, mean, median and interquartile range (Q3-Ql), all in 
millimetres, plus standard deviation and skewness. Lettering for rock 
type as in Appendix 1. 
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COMPOSITION (n=300) 
AREA
-
SMPLE ROCK 
TYPE
-
QZ 
% 
OOL 
% 
MAT 
% 
AN:;IESEY 
Bryn Poeth M10D 
AAlOC 
AAlOE 
G 
F/W 
P 
1.0 
2.2 
2.7 
63.0 
40.3 
44.8 
38.0 
57.5 
52.8 
MlOG P 3.2 40.3 56.5 
AAl7 
BP2 
p 
P/M 
5.1 
5.5 
40.3 
37.0 
54.6 
57.5 
Tynyronen MIlA W 0.0 29.7 70.3 
LLYN PENU-SUIA 
Trefor TRV1 
TRV4 
LP68F 
F/P 
F/P 
F/p 
1.8 
1.5 
1.7 
36.8 
39.3 
37.0 
61.4 
59.2 
61.3 
st. Tudwals LP22A p 3.0 62.5 34.5 
LP22D p 1.2 44.2 54.6 
LP24D W 1.5 51.2 47.3 
LP33A F/W 2.7 22.2 75.1 
LP4lA F/W 2.5 31.3 66.2 
LP20A D 7.7 1.0 91.3 
SNOWOONIA 
Betws Garmon YF-A P 0.0 62.2 37.8 
YF-C P 0.0 68.0 32.0 
YF-F W 0.0 57.6 42.4 
SN14B P 0.0 74.7 25.3 
Tremadog TD003 
SNl3B 
P 
p 
0.0 
0.0 
72.0 
73.0 
28.0 
27.0 
Rhyd SNUB W 0.0 28.2 71.8 
CADAIR lORIS 
East CIl30B 
CIl30C 
P 
W 
0.0 
0.0 
63.8 
26.0 
36.2 
74.0 
CIl32 P 0.0 42.0 58.0 
Cl134A p 0.0 32.7 67.3 
CIl36B 
CF2 
CIl30A 
p 
P 
M 
0.0 
0.0 
0.0 
30.0 
61.0 
8.3 
70.0 
39.0 
91.7 
West elY 
eIlB 
Cl2A 
p 
w 
M 
1.7 
1.3 
0.0 
68.0 
34.0 
4.0 
30.3 
64.7 
96.0 
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GRAIN SIZE ANALYSIS 

AREA SAMPLE 	 ROCK MIN MAX MEAN MED. ST. SKEW n 
TYPE Iiiffi --rom rom nm DEV. 
ANGLESEY 
Bryn 	 AAI0D G 0.24 1.28 1.17 0.59 0.89 0.94 0.38 -.04 30 
Poeth 	 AAI0C F/W 0.24 11.50 1.37 0.49 1.44 0.67 2.30 3.44 31 
AAI0E P 0.15 1.58 0.59 0.30 0.54 0.43 0.36 1. 72 30 
AAI0G P 0.18 0.61 0.37 0.31 0.33 0.31 0.08 1.39 30 
AA17 P 0.18 0.49 0.37 0.27 0.33 0.31 0.07 0.24 30 
Tynronen 	AAlIA W 0.18 1.34 0.43 0.31 0.56 0.49 0.26 0.95 30 
LLYN PENINSULA 
Trefor 	 TRVI F/P 0.24 1.22 0.54 0.40 0.53 0.49 0.25 1.46 32 
TRV4 F/P 0.37 2.74 0.79 0.40 0.76 0.50 0.64 2.13 30 
LP68F F/P 0.18 1.34 0.73 0.37 0.58 0.49 0.30 1.14 31 
St. 	 LP22A P 0.24 1.22 0.81 0.37 0.62 0.67 0.26 0.24 30 
Tudwals 	 LP22D P 0.24 3.05 0.91 0.43 0.78 0.67 0.53 2.46 31 
LP24D W 0.18 1.02 0.55 0.31 0.44 0.37 0.19 1.28 31 
LP33A F/W 0.18 1.83 0.66 0.40 0.59 0.47 0.37 2.02 32 
LP41A F/W 0.18 1.52 0.85 0.49 0.67 0.66 0.27 0.90 31 
SNOWIX)NIA 
Betws 	 YF-A P 0.37 1.31 1.05 0.67 0.87 0.85 0.26 0.03 30 
Garmon 	 YF-C P 0.37 1.40 0.93 0.64 0.77 0.76 0.23 0.37 30 
YF-F W 0.18 0.91 0.69 0.37 0.51 0.49 0.20 0.47 30 
SN14B P 0.43 1.34 0.89 0.66 0.79 0.76 0.23 0.68 30 
SN15B P 0.24 0.97 0.74 0.43 0.59 0.55 0.20 0.29 30 
Tremadog 	TOO03 P 0.24 0.85 0.62 0.43 0.52 0.49 0.55 0.54 30 
SN12E P 0.24 1.31 0.98 0.61 0.82 0.82 0.25 0.01 30 
SN13B P 0.31 1.04 0.62 0.43 0.54 0.49 0.18 0.98 30 
Rhyd 	 SNI1B W 0.12 0.61 0.43 0.31 0.39 0.41 0.10 -.26 30 
CADAIR IDRIS 
East 	 CI130B P 0.12 0.91 0.40 0.24 0.34 0.29 0.17 1.60 30 
CIl30C W 0.12 0.67 0.40 0.24 0.33 0.32 0.12 0.55 30 
CI132 P 0.18 0.61 0.43 0.27 0.35 0.37 0.10 0.68 30 
Cl134A P 0.12 0.64 0.43 0.24 0.33 0.32 0.13 0.47 30 
CI136B P 0.18 0.73 0.50 0.27 0.39 0.37 0.14 0_55 30 
CF2 P 0.180.730.430.240.35 0.310.121.2330 
West 	 ClY P 0.50 1.58 1.36 0.97 1.15 1.20 0.30 -.68 30 
CI2A M 0.15 1.22 0.61 0.30 0.48 0.40 0.26 1 .. 23 30 
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APPENDIX 3 

X-MY DIFFRAcrlOO ~A 
X-ray diffraction data for chamosite, apatite, siderite, magnetite 
and stilpnomelane fran the ironstones. All XRD traces contain 
cha:rrosite and quartz, with varying amounts of apatite, siderite, 
magnetite and stilpnamelane. Chamosite details are given for each ~ 
trace. For the other four minerals their identification is taken from 
the best XRD trace, but also compared to all samples containing that 
mineral, and are a composite fram all the XRD traces. 
Samples (at Oxford University) were hand ground in a pestle and 
mortar with acetone, and pippetted onto a glass slide and allowed to 
evaporate. Samples were analysed on a Phillips diffractaneter 
(PWl050), with analytical conditions: Cu K" radiation with a 
10 10monochromator, 45Kv, 32mA, slits divergence, scatter, 0.3mro 
10 10receiving, chart speed 26 = lOmm, scan speed 26 per minute, 
ratemeter 300 full scale deflection (FSD) (but also 1000 or 3000 FSD), 
with a graphite rronochramator. The minerals were identified using 
various reference tables, and also by using pure quartz and separated 
chamosite. The two largest peaks of quartz (100 & 101) were used as an 
internal standard. This method gives preferred orientation of the 
chamosite on XRD. 
Sample numbers refer to samples listed in Appendix 1. For chamosite 
data s = siderite peak overlapping, a = apatite peak overlapping, q = 
quartz peak overlapping. Samples marked with (+) are those whose -lOum 
fraction was analysed, and those marked with (M) have been passed 
through a magnetic separator. Intensity values for siderite cannot be 
given as the largest siderite peak (marked *) overlaps with (005) 
chamosite. 
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CHAMOSITE 

29/crn d~ 1/11 hkl 2a/ern d~ 1/11 hkl 
BPOO1 BP3+
-
6.20 
12.55 
18.90 
25.25 
31.90 
35.70 
14.255 
7.053 
4.695 
3.527 
2.805 
2.515 
12 
100 
19 
79 
8 
43 
001 
002 
003 
004 
005 
202 
6.35 
12.50 
18.95 
25.25 
32.05 
33.60 
l3.919 
7.081 
4.683 
3.527 
2.793 
2.667 
15 
100 
20 
68 
s 
a 
001 
002 
003 
004 
005 
? 
36.60 
59.35 
2.455 
1.557 
q 
32 
? 
060 
35.80 
51.70 
2.508 
1.768 
27 
11 
202 
? 
59.45 1.555 21 060 
BP4+ 
-
BP5+
-
6.25 14.141 13 001 6.35 13.919 15 001 
12.55 7.053 100 002 12.55 7.053 100 002 
19.05 
25.25 
4.659 
3.527 
22 
77 
003 
004 
19.00 
25.35 
4.671 
3.513 
21 
75 
003 
004 
32.00 2.797 15 005 31.90 2.805 20 005 
33.35 2.687 20 ? 33.30 2.691 22 ? 
35.70 2.515 43 202 35.80 2.508 35 202 
42.15 
51.70 
2.144 
1. 768 
9 
13 
204 
? 
42.10 
51.80 
2.146 
1.765 
q 
9 
204 
? 
59.3 1.558 36 060 59.45 1.555 25 060 
BP6+ 
-
AAlOG+ 
6.30 14.029 9 001 6.30 14.029 8 001 
12.60 7.025 100 002 12.50 7.081 100 002 
19.00 4.. 671 16 003 18.90 4.695 14 003 
25.30 3.520 78 004 25.25 3.527 70 004 
32.00 2.797 s 005 32.00 2.797 s 005 
33.30 2.691 15 200 33.25 2.694 a ? 
35.75 2.512 40 202 35.65 2.518 34 202 
51.70 
59.40 
1.768 
1.556 
13 
23 
206/008 
060 
51.70 
59.35 
1.768 
1.557 
9 
19 
? 
060 
TF002 
6.20 14.255 18 001 
12.50 7.018 100 002 
18.95 4.450 22 003 
25.25 3.527 80 004 
59.25 1.560 22 060 
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29/crn d/R 1/11 hid 29/cm d/R 1/11 hk1 
PYG1+
-­
LP22A+ 
6.35 
12.55 
18.95 
25.25 
32.00 
33.15 
13.919 
7.053 
4.683 
3.527 
2.797 
2.702 
11 
100 
16 
66 
s 
16 
001 
002 
003 
004 
005 
200 
6.20 
12.55 
19.00 
25.25 
32.05 
35.70 
14.255 
7.053 
4.671 
3.527 
2.797 
2.515 
6 
100 
12 
71 
s 
21 
001 
002 
003 
004 
005 
202 
35.70 2.515 20 202 59.30 1.558 21 060 
59.30 1.558 19 060 
AB002 ABA
-
6.20 
12.45 
14.255 
7.109 
9 
100 
001 
002 
6.30 
12.50 
14.029 
7.081 
8 
100 
001 
002 
18.80 
25.25 
31. 70 
4.720 
3.527 
2.823 
19 
94 
14 
003 
004 
005 
18.85 
25.25 
32.00 
4.708 
3.527 
2.797 
14 
71 
s 
003 
004 
005 
33.30 2.691 2 201 35.70 2.515 21 202 
34.20 2.622 3 202 59.30 1.558 16 060 
34.90 2.571 3 201 
35.60 2.522 3 ? YF-A
-­36.40 2.468 4 203 
37.40 2.404 3 202 6.30 14.029 4 001 
38.20 2.360 3 204 12.50 7.081 100 002 
44.95 2.017 6 007 19.00 4.671 10 003 
58.90 1.568 1 ? 25.25 3.527 58 004 
59.20 1.561 2 060 32.10 2.788 s 005 
35.60 2.522 38 202 
59.20 1.561 13 060 
YF-B (mud-ironstone) YF-B (oncoid) 
6.2 14.255 4 001 6.1 14.488 8 001 
12.5 7.081 100 002 12.5 7.081 100 002 
19.0 4.671 11 003 18.9 4.695 13 003 
25.2 3.534 77 004 25.2 3.534 66 004 
32.05 2.793 41 005 32.1 2.788 a 005 
33.20 2.698 9 ? 35.6 2.522 32 202 
35.60 2.522 35 202 59.2 1.561 16 060 
59.2 1.561 21 060 
CIl30C+ CI137+ 
6.30 14.029 10 001 6? 14? ? 001 
12.55 7.053 100 002 12.50 7.081 100 002 
19.05 4.659 16 003 19.30 4.599 9 003 
25.25 3.527 82 004 25.25 3.527 56 004 
32.05 2.793 29 005 32.00 2.797 28 005 
35.70 2.515 41 202 32.35 2.767 20 ? 
59.25 1.560 27 060 35.65 2.518 34 202 
41.30 2.186 14 '? 
59.30 1.558 18 060 
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2a/em d~ 1/11 hk1 2a/em d~ 1/11 hk1 
cn04 en
-
6.25 
12.5 
18.9 
25.25 
31.7 
33.5 
34.3 
34.95 
36.5 
37.4 
45.0 
58.9 
59.2 
14.141 
7.081 
4.695 
3.527 
2.823 
2.675 
2.614 
2.567 
2.462 
2.404 
2.014 
1.568 
1.561 
11 
100 
21 
81 
13 
4 
16 
10 
13 
15 
20 
13 
14 
001 
002 
003 
004 
005 
201 
202 
201 
203 
202 
007 
7 
060 
6.10 
12.50 
19.00 
25.25 
32.00 
33.30 
34.80 
35.70 
41.40 
42.30 
51.70 
59.30 
14.488 
7.081 
4.671 
3.527 
2.797 
2.691 
2.578 
2.515 
2.181 
2.137 
1.768 
1.558 
7 
100 
8 
61 
7 
11 
24 
32 
12 
11 
10 
14 
001 
002 
003 
004 
005 
7 
7 
202 
? 
204 
? 
060 
FD1,2,4+ FDl+M 
-
67 
12.50 
19.10 
25.20 
32.05 
33.25 
34.50 
35.70 
41.30 
42.30 
51.60 
53.30 
57.50 
59.30 
14? 
7.081 
4.647 
3.534 
2.793 
2.694 
2.600 
2.515 
2.186 
2.137 
1.771 
1.719 
1.603 
1.558 
7 
100 
11 
70 
14 
22 
34 
57 
17 
17 
13 
10 
10 
23 
001 
002 
003 
004 
005 
200 
202 
202 
7 
204 
206/008 
7 
7 
060 
6.35 
12.55 
19.00 
25.25 
32.05 
33.25 
34.25 
35.70 
42.20 
47.00 
49.70 
51. 75 
59.30 
13.919 
7.053 
4.671 
3.527 
2.793 
2.694 
2.618 
2.515 
2.141 
1.933 
1.834 
1.776 
1.558 
7 
100 
12 
78 
21 
19 
6 
33 
13 
5 
7 
13 
17 
001 
002 
003 
004 
005 
200 
202 
202 
204 
? 
206/008 
205 
060 
FD3+ 
-
76.30 
12.50 
19.10 
25.25 
32.05 
33.25 
34.25 
35.70 
41.15 
42.10 
59.30 
14 .029 
7.081 
4.647 
3.527 
2.793 
2.694 
2.618 
2.515 
2.194 
2.146 
1.558 
5 
100 
10 
63 
20 
18 
6 
30 
4 
9 
15 
001 
002 
003 
004 
005 
? 
7 
202 
? 
204 
060 
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29/an d;R IIIl hkl 29/cm d/R 1111 hkl 
APATITE SIDERITE 
10.90 8.12 5 100 24.80 3.590 ? 0112 
16.80 5.28 3 101 31.85 2.810 ? 1014* 
21.90 4.06 7 200 42.20 2.141 ? 1123 
22.95 3.875 7 111 46.10 1.969 ? 2022 
25.85 3.447 34 002? 52.70 1.737 ? 0118 
28.10 3.175 11 102 
29.10 3.069 16 210 
31.95 2.801 100 211 
32.20 2.780 42 112 
33.10 2.706 58 300 
34.10 2.629 32 202 
40.05 2.251 27 310 
44.85 2.021 6 113? 
46.90 1.937 29 ? 
48.25 1.886 17 132 
49.50 1.841 35 230 
50.75 1. 799 17 231 
51.55 1.773 16 410 
52.55 1. 751 15 303 
53.05 1.726 17 004 
STILPNCMEIANE MAGNEI'ITE 
7.40 11.946 100 001 30.05 2.974 32 220 
14.75 6.006 4 002 35.45 2.532 100 311 
22.15 4.013 22 003 43.05 2.101 22 400 
29.65 3.013 12 004 53.40 1.716 10 422 
.33.10 2.706 20 445 56.95 1.617 29 511 
34.95 2.567 38 446 62.50 1.486 38 440 
38.35 2.347 20 447 
41.30 2.186 7 441 
42.90 2.108 12 448 
46.40 1.957 3 440 
48.30 1.884 7 4.4.10 
58.15 1.586 8 ? 
58.80 1.570 9 ? 
f 
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APPENDIX 4 

ELECrR:>N PROBE MICRO-ANALYSIS DATA 
A total of 16 polished thin sections, prepared at Luton College and 
the Camborne School of Mines, were analysed by EPMA at Cambridge 
University on aN instrument designed and constructed at Cambridge. 
Cobalt and olivine were used as standards before analysis. 
Hardware: Electron microprobe designed and constructed in Department 
of Mineralogy and Petrology, Cambridge. Si(Li) detector and Harwell 
Highspec pulse processor system 3073 (Kandiah et a1. 1975) interfaced 
to Data General Nova 1220 minicomputer with 24K storage. 
Analytical conditions: 	 20 kV accelerating potential 
45 nA nanina1 beam current 
(-35 nA at specimen surface) 
80 live seconds counting time 
5-6 kpps input rate typical 
40° take off angle 
270 mrn specimen - detector distance 
Detector resolution - 156eV FWHM at MnK@ 
(5.89keV) 
Software: Peaks processed and measured by iterative peak stripping 
(Statham 1976). Correction rnethoos after Sweatman & Long (1969). 
3c detection limits: Na - .25% 

Mg - .15% 

Al,Si - .10% 

K - Zn - .05% 

Relative accuracy: 	 - 2% for major elements (more than 5% 

element present). 

EPMA data for chamosite siderite sti1pnome1ane and apatite fram the 

North Wales ironstones. All iron is calculated as FeO. Fran the EPMA 

spot-size, only siderite and stilpname1ane could be analysed with 

confidence. Most charrosite in the North Wales ironstones is too 

fine-grained to probe individual crystals (Hughes 1989) and therefore 

it cannot be guaranteed that pure chamosite is being analysed or 

whether more than one mineral is being probed. However, a simple 

methoo (adapted from Curtis et ale 1985) of plotting individual 

analyses on an FeO-SiO -Al ° triangular diagram can show if the 

analyses are pure (Figfire tf). The majority of analyses plot over a 

small area, with tailings toward the Si02 and FeO end members. These 

tailings indicate chamosite mixed with eIther quartz or 

magnetite/goethite respectively. These analyses are then ignored and 

the others are treated as pure chamosite. XRD analysis confirms that 

the ironstones are are only made of chamosite, quartz and other 

Fe-oxides. 

Confirmation is further given by comparing these analyses with those 
fram chamosite cements and chamosite veins, which have identical 
canpositions, and by canparing with analytical transmission electron 
microscopy (ATEM) data (Hughes 1989). EPMA analyses of chamosite that 
also have a small am:::>unt of apatite (Cao & P20S) are included I as the 
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Figure 7.1 EPMA analyses for chamosite plotted on an FeO-Si02-Al203 
triangular diagram, to check purity of analysis. The majority of 
the analyses plot over a small area, and indicate pure chamosite. 
Individual analyses which trend towards FeO and Si02 indicate 
mineral mixing with another phase, these analyses are then 
ignored. 
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Fe Si Al Mg ratios are not affected and therefore the chamosite 
formula can still be calculated. Pure apatite analyses have not been 
attempted, although the CaO/P2oS ratio has been determined. 
Presented first is chamosite EPMA data (mineral formulas calculated 
to 36'oxygens). Elements also analysed for are Ti (as rutile), Na (not 
detected), S (not included), Ca &P (as apatite), and Cu & Zn (not 
detected). Abbreviations: * element not analysed for, - element 
analysed for but not detected, 0.0 element below detection limits for 
that analysis but detected on at least one analysis, - total not given 
due to mixed mineral analysis (apatite), OCT - octahedral total, y -
Fe/[Fe+Mg]. Next is data for siderite (differentiated into diagenetic 
and hydrothermal) where the results have been recalculated to 
carbonate fram oxide. Then stilpnamelane (calculated on the basis of 
11 oxygens), and finally a regression line plot for apatite to 
determine the Ca/p ratio. 
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MlOC M10E 
2 3 4 6 15 16 18 2 3 8 14 16 
0 0 0 0 0 0 0 0 0 c c 0 
MgD 2.536 2.729 2.536 2.525 3.017 3.078 2.643 2.296 2.577 2.602 2.374 2.035 
Al203 19.143 18.579 20.264 15.490 19.430 19.582 19.917 20.847 20.201 20.087 20 .393 18.954 
Si02 23.368 23.926 23.409 20.957 25.528 24.754 25.189 23.148 23.726 23.569 23.246 20.485 
K20 
V203 
-
* 
-
* 
-
* 
-
* 
-
* 
-
.. 
-
.. 
-
.. 
-
* 
-
* 
-
* 
-
.. 
Cr203 - - - - - - - - - - - -
MnO - - - - - - - 0.0 0.209 0.0 0.173 0.198 
FeO 41. 683 43.756 43.442 35.298 43.196 43.736 43.311 43.053 43.451 43.367 43.560 39.201 
TOTAL -
-
- - 91.171 91.150 91. 060 - 90.548 89.870 89.851 -
Mg 0.888 0.938 0.862 1.027 0.999 1.025 0.877 0.776 0.860 0.884 0.808 0.764 
Al(T) 2.512 2.480 2.661 2.280 2.329 2.469 2.392 2.750 2.647 2.620 2.694 2.838 
A1(O) 2.788 2.573 2.788 2.704 2.760 2.690 2.836 2.825 2.726 2.773 2.794 2.796 
Al 5.300 5.053 5.449 4.984 5.089 5.159 5.228 5.575 5.373 5.393 5.488 5.634 
Si 5.488 5.520 5.339 5.720 5.671 5.531 5.608 5.250 5.353 5.374 5.306 5.164 
K 
V 
-
* 
-
* 
-
* 
-
* 
-
• 
-
• 
-
* 
-
* 
-
• 
-
* 
-
• 
-
.. 
Cr 
- - -
- - - - - - - - -
Mn - - - - - - - 0.0 0.040 0.0 0.033 0.042 
Fe 8.187 8.442 8.287 8.057 8.025 8.173 8.064 8.167 8.198 8.269 8.315 8.262 
OCT 11. 836 11. 953 11.937 11.788 11.784 11.888 11.777 11. 768 11.824 11. 926 11.950 11. 864 
TOTAL 19.836 19.953 19.937 19.788 19.784 19.888 19.777 19.768 19.824 19.926 19.950 19.864 
Y 0.902 0.900 0.906 0.887 0.889 0.889 0.902 0.913 0.905 0.903 0.911 0.915 
LPn 
1 2 4 5 . 6 7 10 11 12 
c c c 0 0 0 on on on 
MgO 1.340 1.798 1.553 1.522 1.940 1.675 1.687 1.714 1.578 
Al203 19.736 19.817 18.878 19.454 19.350 19.641 19.410 18.911 13.560 
Sial 23.715 23.219 22.913 23.401 23.088 22.736 22.979 22.143 22.688 
K20 
V2a3 
-
• 
-
.. 
-
* 
-
• 
-
* 
-
* 
-
. 
-
* 
-
* 
Cr203 0.0 0.0 0.143 0.0 0.0 0.0 0.0 0.0 0.0 
MnO 0.195 0.0 0.159 0.0 0.0 0.0 0.128 0.0 0.0 
FeO 46.509 46.139 44.168 45.972 46.056 45.241 44.723 43.870 42.619 
TarAL 91. 495 90.972 - 90.443 - 89.464 - - -
Mg 0.453 0.611 0.546 0.520 0.662 0.579 0.585 0.611 0.566 
Al(T) 2.619 2.704 2.598 2.630 2.715 2.730 2.652 2.700 2.540 
Al(O) 2.661 2.625 2.649 2.633 2.507 2.637 2.674 2.637 2.725 
Al 5.280 5.329 5.247 5.263 5.222 5.367 5.326 5.337 5.265 
Si 5.381 5.296 5.402 5.370 5.285 5.270 5.348 5.300 5.460 
K 
v 
-
* 
-
.. 
-
* 
-
• 
-
* 
-
* 
-
* 
-
* 
-
* Cr 0.0 0.0 0.027 0.0 0.0 0.0 0.0 0.0 0.0 
Mn 0.038 0.0 0.031 0.0 0.0 0.0 0.025 0.0 0.040 
Fe 8.826 8.802 8.709 8.822 8.817 8.770 8.705 8.783 8.577 
OCT 11. 978 12.038 11.962 11.975 11.986 11. 986 11. 989 12.031 11.908 
TOTAL 19.978 20.038 19.962 19.975 19.986 19.986 19.989 20.031 19.90B 
Y 0.951 0.935 0.941 0.944 0.930 0.938 0.937 0.935 0.938 
~ 
5 6 9 12 13 14 15 16 10 19 
0 0 0 0 0 0 0 0 on on 
~O 0.667 1.052 1.020 0.871 1.130 0.914 LOll 1.268 1.044 1.106 
Al203 20.968 21.162 20.214 21. 388 20.942 21.439 21.202 20.883 21.517 21.051 
Si02 22.703 22.942 21. 957 21.400 20.862 22.335 21.857 20.479 22.124 20.924 
K20 
- - - - - - - - - -
V203 * * 0.120 0.134 0.130 0.150 0.113 0.0 0.144 0.183 
Cr203 0.0 0.0 0.0 0.0 0.0 0.117 0.0 0.0 0.0 0.135 
MnO 0.126 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
FeO 44.264 43.034 42.820 41.126 41.679 42.197 42.976 40.545 42.284 42.225 
TarAL 88.728 88.330 86.131 - - - - - - -
Mg 0.231 0.363 0.363 0.312 0.408 0.319 0.355 0.465 0.365 0.396 
Al(T) 2.729 2.694 2.752 2.858 2.943 2.772 2.850 2.956 2.814 2.971 
1>.1(0) 3.010 3.075 2.944 3.200 3.041 3.144 3.039 3.107 3.132 2.994 
Al 5.739 5.769 5.696 6.058 5.984 5.916 5.889 6.063 5.946 5.965 
Si 5.271 5.306 5.248 5.142 5.057 5.228 5.150 5.044 5.186 5.029 
K 
- - - - - - - - - -
V .. * 0.023 0.021 0.021 0.023 0.018 0.0 0.022 0.029 Cr 0.0 0.0 0.0 0.0 0.0 0.022 0.0 0.0 0.0 0.026 
Mn 0.025 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
F'e 8.594 8.323 8.560 8.264 8.449 8.260 8.468 8.351 8.289 8.488 
OCT 11. 860 11.761 11.890 11.797 11.919 11.768 11.880 11.923 11.808 11. 933 
TarAL 19.860 19.761 19.890 19.797 19.919 19.768 19.880 19.923 19.808 19.933 
Y 0.974 0.958 0.959 0.964 0.954 0.963 0.960 0.947 0.959 0.955 
-251­
--
LP22A 
1 2 3 5 6 8 9 15 19 26 
on on on c on do do 0 v c 
MgO 1.289 1.426 1.368 1.371 1.563 1.457 1.503 1.571 1.062 1.261 
1\.1203 20.257 20.848 21.293 21. 479 20.774 20.451 20.427 20.539 21.106 21.580 
Si02 24.018 24.091 24.589 23.391 23.391 23.400 23.114 24.190 22.846 23.285 
K20 
'1203 
-
• 
-
* 
-
* 
-
" 
-
• 
-
* 
-
" 
-
" 
-
" 
-
• 
Cr203 0.0 0.0 0.0 0.0 0.0 0.131 0.0 0.0 0.0 0.0 
MoO - - - - - - - - - -
FeO 43.811 43.607 43.719 44.173 44.673 44.509 44.615 44.617 45.137 44.960 
TOl'AL - 90.550 91.625 90.669 90.584 89.949 89.659 91. 016 90.283 -
r-'g 0.439 0.481 0.455 0.462 0.592 0.496 0.515 0.560 0.362 0.424 
AleT) 2.507 2.544 2.511 2.708 2.684 2.652 2.691 2.555 2.780 2.751 
Al(O) 2.956 3.021 3.092 3.022 2.881 2.858 2.840 2.890 2.905 2.984 
"1 5.463 5.565 5.603 5.730 5.565 5.510 5.531 5.445 5.685 5.735 
Si 5.493 5.456 5.489 5.292 5.316 5.384 5.309 5.440 5.220 5.249 
K 
V 
-
• 
-
• 
-
• 
-
* 
-
• 
-
" 
-
* 
-
" 
-
* 
-
" 
Cr 0.0 0.0 0.0 0.0 0.0 0.024 0.0 0.0 0.0 0.0 
Mn - - - - - - - - - -
Fe 8.380 8.259 8.162 8.359 8.491 8.507 8.570 8.391 8.625 8.476 
ccr 11.775 11. 761 11.709 11.843 11.964 11. 885 11.925 11.841 11.892 1) .884 
TOI'.A.L 19.775 19.761 19.709 19.843 19.964 19.885 19.925 19.841 19.892 19.884 
Y 0.950 0.945 0.947 0.948 0.935 0.945 0.943 0.937 0.960 0.952 
LP22D AB002 
1 2 4 5 7 9 1 2 3 4 5 6 
0 0 0 0 0 0 v v V v v v 
MgO 
Al203 
1.389 
20.702 
1.212 
20.227 
1.197 
20.755 
1.342 
20.800 
1.076 
22.138 
1. 350 
20.553 
1.777 
21.303 
2.444 
21.144 
2.133 
20.966 
2.098 
21. 3 29 
1. 881 
21. 335 
2.195 
21.416 
Si02 22.304 21.704 21. 456 22.345 22.299 21. 978 23.889 23.410 23.144 23.614 22.777 23.129 
K20 
V203 
-
0.0 
-
0.0 
-
0.126 
-
0.0 
-
0.118 
-
0.184 
-
* 
-
" 
-
* 
-
• 
-
* 
-
* 
Cr203 - - - - - - - - - - - -
MnO - - - - - - 0.150 0.0 0.0 0.0 0.0 0.0 
FeO 43.846 42.829 42.837 42.942 43.153 42.624 45.024 43.823 44.290 44.606 44.616 44.389 
TOTAL 88.241 85.973 85.371 87.429 88.951 - 92.143 90.821 90.534 91.647 90.609 91.129 
i'tJ 
Al(T) 
Al(O) 
Al 
0.483 
2.794 
2.903 
5.697 
0.433 
2.797 
2.919 
5.716 
0.425 
2.882 
2.955 
5.837 
0.469 
2.760 
2.991 
5.751 
0.369 
2.867 
3.141 
6.008 
0.473 
2.834 
2.862 
5.696 
0.589 
2.686 
2.900 
5.586 
0.819 
2.735 
2.871 
5.606 
0.720 
2.756 
2.844 
5.600 
0.698 
2.727 
2.888 
5.615 
0.636 
2.832 
2.875 
5.707 
0.736 
2.799 
2.878 
5.677 
Si 5.206 5.203 5.118 5.240 5.133 5.156 5.314 5.265 5.244 5.273 5.168 5.201 
K 
V 
-
0.0 
-
0.0 
-
0.024 
-
0.0 
-
0.022 
-
0.035 
-
* 
-
* 
-
• 
-
* 
-
* 
-
* 
Cr 
- - - - - - - - -
- - -
Mn 
- - - -
- - 0.028 0.0 0.0 0.0 0.0 0.0 
Fe 8.559 8.586 8.546 8.423 8.299 8.379 8.376 8.242 8.392 8.331 8.466 8.347 
a:T 11. 945 11.938 11.950 11.883 11. 831 11. 749 11.893 11.932 1l.956 11. 917 11.977 11.961 
TOTAL 19.945 19.938 19.950 19.883 19.831 19.749 19.893 19.932 19.956 19.917 19.977 19.961 
Y 0.947 0.952 0.953 0.947 0.957 0.947 0.934 0.910 0.921 0.923 0.930 0.919 
~ 
4 9 13 14 17 22 23 24 25 
0 0 0 0 0 0 0 0 0 
MgO 
Al203 
2.970 
21.601 
2.408 
20.445 
2.485 
21. 533 
2.141 
20.340 
2.222 
20.503 
2.309 
19.901 
2.304 
21.004 
2.605 
20.588 
2.710 
22.552 
Si02 24.704 22.253 22.912 21.927 22.151 21. 559 23.531 22.901 24.455 
K20 
V203 
-
" 
-
• 
-
• 
-
• 
-
* 
-
• 
-
* 
-
* 
-
* 
Cr203 0.0 0.0 0.119 0.0 0.0 0.114 0.0 0.0 0.162 
MnO 0.192 0.258 0.178 0.183 0.220 0.171 0.207 0.210 0.0 
FeO 43.108 41.922 42.233 42.121 42.421 42.458 42.452 42.051 42.186 
TarAL 92.727 87.624 - - - - 89.657 - -
Mg 0.965 0.838 0.836 0.739 0.768 0.810 0.778 0.857 0.872 
Al(T) 2.613 2.806 2.828 2.918 2.862 2.928 2.665 2.840 2.720 
hl(O) 
Al 
2.940 
5.553 
2.820 
5.626 
2.902 
5.730 
2.640 
5.558 
2.745 
5.607 
2.591 
5.519 
2.949 
5.614 
2.629 
5.469 
3.020 
5.740 
Si 5.387 5.194 5.172 5.082 5.138 5.072 5.335 5.160 5.280 
K 
V 
-
* 
-
* 
-
* 
-
* 
-
* 
-
* 
-
• 
-
* 
-
* 
Cr 0.0 0.0 0.021 0.0 0.0 0.021 0.0 0.0 0.028 
Mn 0.035 0.051 0.034 0.036 0.043 0.034 0.040 0.040 0.0 
Fe 7.861 8.184 7.973 8.165 8.229 $.353 8.044 7.924 7.615 
ocr 11. 801 11. 893 11. 766 n.580 11.785 11.809 11. 811 11. 468 11.537 
TarAL 19.801 19.893 19.766 19.580 19.785 19.809 19.811 19.468 19.537 
Y 0.891 0.907 0.905 0.917 0.915 0.912 0.912 0.901 0.897 
-252­
________________~t!1I 
IT-BIT-A 
-­1 3 4 5 6 1 3 5 7 9 11 
m m m m m 0 0 0 0 0 m 
Mg) 0.592 1.142 1.277 1.044 0.973 2.281 2.142 2.119 1.908 1.704 2.309 
Al203 14.129 17.501 17.330 17.419 16.122 18.380 18.272 16.669 16.874 14.373 18.107 
5i02 20.241 23.760 23.948 24.025 23.164 24.295 24.041 22.052 22.697 18.769 23.989 ' 
K20 - - - - - - - - - - ­
V203 * * * * * * * * * * * 
Cr203 - - - - - 0.0 0.0 0.0 0.0 0.132 0.143 
MnO - - - - - - - - - - -
FeO 42.099 47.627 47.502 47.970 48.558 44.449 45.602 41.266 41. 887 36.975 46.003 
TOTAL - - - 90.459 89.181 - 90.407 - - - -
Mg 0.243 0.397 0.443 0.362 0.347 0.782 0.734 0.795 0.704 0.736 0.789 
Al(1') 2.419 2.455 2.420 2.419 2.452 2.409 2.470 2.450 2.381 2.558 2.498 
Al(O) 2.173 2.358 2.340 2.351 2.101 2.587 2.485 2.469 2.543 2.355 2.389 
Al 4.592 4.813 4.760 4.770 4.553 4.996 4.955 4.919 4.924 4.913 4.887 
Si 5.581 5.545 5.580 5.581 5.548 5.591 5.530 5.550 5.619 5.442 5.502 
K - - - - - - - - - - ­
V * * * * * * * • * • * 
Cr - - - - - 0.0 0.0 0.0 0.0 0.030 0.026 
Mn - - - - - - - - - - ­
Fe 9.709 9.293 9.256 9.320 9.727 8.555 8.773 8.686 B.672 8.966 8.824 
OCT 12.125 12.048 12.039 12.033 12.175 11.924 11. 992 1l.950 11.919 12.087 12.028 
'l'OTAL 20.125 20.048 20.039 20.033 20.175 19.924 19.992 19.950 19.919 20.087 20.028 
Y 0.976 0.959 0.954 0.963 0.966 0.916 0.923 0.916 0.925 0.924 0.918 
IT-{; SN15C 
6 7 8 9 6 7 9 10 
m m m m m m m m 
MgO 2.390 2.609 2.594 2.082 2.249 2.188 2.190 2.096 
Al203 19.920 20.158 19.797 16.350 19.233 19.430 19.503 19.874 
Si02 24.099 24.541 23.016 19.773 24.059 24.332 24.023 23.364 
K20 - - - - - - - ­
V203 * * * * * * * * 
Cr-203 0.0 0.151 0.0 0.0 0.118 0.0 0.141 0.0 
MnO - - - - - - - -
FeO 43.393 43.521 43.427 37.588 45.467 45.919 45.770 45.476 
'l'OTAL - - - - 91.281 91.870 91.711 90.907 
Mg 0.809 0.870 0.893 0.844 0.759 0.732 0.735 0.710 
Al (1') 2.525 2.511 2.684 2.625 2.552 2.536 2.589 2.685 
Al(O) 2.808 2.804 2.707 2.615 2.583 2.608 2.590 2.644 
Al 5.333 5.:>15 5.391 5.240 5.135 5.144 5.179 5.329 
Si 5.474 5.489 5.316 5.375 5.448 5.464 5.411 5.315 
K 
- - -
- -
-
- ­
V •* * * * * * * Cr 0.0 0.027 0.0 0.0 0.021 0.0 0.025 0.0 
Mn - - - - - - - ­
Fe 8.243 8.140 8.389 8.546 8.611 8.624 8.623 8.651 
OCT 11. 860 11.841 11.989 12.005 11. 974 11. 964 11.973 12.005 
'I'OTAL 19.860 19.841 19.989 20. 005 19.974 19.964 19.973 20.005 
Y 0.911 0.903 0.904 0.910 0.919 0.922 0.922 0.924 
cn 
1 2 5 6 7 8 9 10 13 16 18 
00 0 0 0 0 0 0 0 0 0 
MgO 1.641 1.572 1.697 1.797 1.303 1.446 1.526 1.445 1.633 1.539 1.529 

Al203 16.315 15.386 15.008 16.164 15.104 15.545 15.879 14.965 15.589 15.127 15.997 

Si02 25.461 26.315 26.358 26.086 26.486 25.882 26.101 27.856 25.272 25.573 25.808 

K20 0.165 0.114 0.149 0.176 0.201 0.095 0.178 0.165 0.193 0.219 0.147 

V203 • 0.104 0.088 0.131 0.0 0.084
* * * * * 
Cr203 0.0 0.0 0.156 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.095 

MnO 0.264 0.207 0.195 0.171 0.221 0.173 0.206 0.198 0.132 0.207 0.216 

FeO 45.959 46.676 46.535 46.388 46.082 46.708 46.711 45.719 46.161 47.042 46.752 

'I'OTAL 89.916 90.271 90.202 90.781 89.657 89.849 90.748 90.581 89.257 89.836 90.702 

Mg 0.565 0.540 0.584 0.612 0.451 0.500 0.521 0.489 0.569 0.535 0.524 

Al(1') 2.113 1.934 1.914 2.037 1.853 1.995 2.016 1.671 2.085 2.032 2.070 

Al(O) 2.334 2.247 2.171 2.319 2.279 2.257 2.276 2.338 2.144 2.129 2.263 

Al 4.447 4.181 4.085 4.356 4.132 4.252 4.292 4.009 4.299 4.161 4.333 

Si 5.887 6.066 6.086 5.963 6.147 6.005 5.984 6.329 5.911 5.968 5.930 

K 0.049 0.033 0.044 0.051 0.059 0.028 0.052 0.048 0.058 0.065 0.043 

V • 0.019 • 0.016 0.025 0.0 0.015
* * * * 
er- 0.0 0.0 0.028 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.017 
Mn 0.052 0.040 0.038 0.033 0.043 0.034 0.040 0.038 0.026 0.041 0.042 
Fe 8.887 8.998 8.986 8.868 8.944 9.063 8.956 8.687 9.030 9.181 8.984 
OCT 11.838 11.825 11.807 11.832 H.736 11.854 11.793 1l.568 11.794 11.886 1l.845 
TOrAL 19.887 19.858 19.851 19.883 19.795 19.882 19.845 19.616 19.852 19.951 19.888 
Y 0.940 0.943 9.925 0.935 0.952 0.948 0.945 0.948 0.941 0.945 0.945 
-253­
CI 
1 2 3 4 5 6 8 9 12 13 14 15 
on on on on on on on on on a a 0 
~ 0.733 1.475 1.305 1.529 1.480 1.626 1.438 1.497 1.387 1.633 1.436 1.537 
Al203 10.038 14.067 13.878 13.845 14.277 14.450 14.173 13.842 14.086 14.791 14.426 14.587 
Si02 19.906 25.880 25.953 26.650 25.866 26.072 26.027 22.907 25.935 25.408 25.808 25.444 
K20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.076 0.0 0.0 0.0 
V203 0.0 0.0 0.0 0.198 0.0 0.0 0.0 0.0 0.0 0.0 0.181 0.130 
Cr203 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
MnO 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.129 0.0 0.0 
FeO 35.943 45.283 45.595 45.669 45.398 45.834 44.823 41. 261 46.513 46.047 46.441 46.607 
TCYrAL - 87.375 87.393 88.529 87.907 88.650 87.123 - 88.412 88.174 88.292 88.544 
Mg 0.345 0.527 0.467 0.540 0.527 0.573 0.514 0.584 0.492 0.576 0.507 0.542 
Al(T) 1.717 1.791 1.764 1.690 1.818 1.837 1.758 2.007 1.833 1.985 1.893 1.984 
Al(O) 2.018 2.188 2.168 2.175 2.205 2.190 2.250 2.262 2.116 2.143 2.131 2.082 
Al 3.735 3.979 3.932 3.865 4.023 4.027 4.006 4.269 3.949 4.128 4.024 4.066 
Si 6.283 6.209 6.236 6.310 6.182 6.163 6.242 5.993 6.167 6.015 6.107 6.016 
K 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.023 0.0 0.0 0.0 
V 0.0 0.0 0.0 0.037 0.0 0.0 0.0 0.0 0.0 0.0 0.034 0.025 
Cr 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Mn 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.026 0.0 0.0 
Fe 9.487 9.086 9.163 9.043 9.074 9.061 8.991 9.027 9.250 9.117 9.191 9.215 
ocr 11. 850 11.801 11.798 11.795 11. 806 11.824 11. 755 11.873 11. 858 11.862 11.863 11.864 
10TAL 19.850 19.801 19.798 19.795 19.806 19.824 19.755 19.873 19.858 19.862 19.863 19.864 
Y 0.965 0.945 0.952 0.944 0.945 0.941 0.946 0.939 0.950 0.941 0.948 0.945 
C1 
cont 16 17 19 20 
CIl30e 
6 --7 8 9 10 
0 a 0 0 0 0 0 a 0 
MgO 1.582 1. 320 1.776 1.547 2.684 2.543 2.241 2.561 2.669 
Ai203 16.032 14.972 14.998 15.363 17.987 17 .467 14.841 17.972 17.715 
5i02 24.279 26.246 25.411 25.068 24.385 24.360 19.952 24.317 23.782 
[(20 
V203 
0.0 
0.136 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
-
• 
-
* 
-
• 
-
* 
-
* 
Cr203 0.129 0.0 0.0 0.0 - - - - -
MnO 0.0 0.0 0.0 0.0 - - - - -
FeO 45.432 45.485 46.090 45.193 44.916 44.820 37.375 45.415 44.525 
10TAL 87.592 88.023 88.432 87.170 90.764 89.924 
-
- -
Mg 0.561 0.463 0.620 0.550 0.916 0.877 0.928 0.874 0.925 
Al(T) 2.218 1.823 2.010 2.022 2.442 2.397 2.458 2.429 2.471 
Ai(O) 2.283 2.331 2.158 2.297 2.415 2.366 2.394 2.425 2.385 
Ai 4.501 4.154 4.168 4.319 4.857 4.763 4.952 4.854 4.856 
5i 5.782 6.177 5.990 5.978 5.585 5.634 5.542 5.571 5.529 
K 
V 
0.0 
0.026 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
-
• 
-
* 
-
* 
-
* 
-
* 
Cr 0.024 0.0 0.0 0.0 - - - - -
Mn 0.0 0.0 0.0 0.0 - - - - -
Fe 9.048 8.952 9.087 9.014 8.604 8.670 8.683 8.702 8.658 
OCT 11. 942 11.746 11.895 11.861 11.986 11.985 12.005 12.001 1l.968 
'IDl'AL 19.942 19.746 19.895 19.861 19.986 19.985 20.005 20.001 19.968 
Y 0.942 0.951 0.936 0.943 0.904 0.908 0.903 0.909 0.904 
.9ll? 
1 2 3 4 5 6 7 8 
on on on on on on on on 
MgO 1.915 1.717 1.250 1.861 1.906 1.983 1.947 1.931 
Al203 15.527 14.823 11. 584 14.259 15.824 14.883 14.039 15.327 
5i02 25.391 25.492 19.663 24.359 25.562 26.450 26.558 26.265 
K20 0.0 0.0 0.0 0.0 0.0 0.0 0.067 0.0 
V203 * * * * * * * * Cr203 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
MnO 0.0 0.0 0.0 0.0 0.0 0.132 0.0 0.0 
FeO 46.873 46.664 38.127 45.028 46.688 47.424 47.952 47.442 
10TAL 90.027 - - - - - - -
Mg 0.662 0.603 0.558 0.679 0.657 0.679 0.671 0.659 
Ai(T) 2.107 1.991 2.115 2.036 2.085 1.927 1.855 1.981 
Al(O) 2.141 2.128 1.972 2.079 2.233 2.102 1.975 2.159 
Ai 4.248 4.119 4.087 4.115 4.318 4.029 3.830 4.140 
5i 5.893 6.009 5.885 5.964 5.915 6.073 6.145 6.019 
K 0.0 0.0 0.0 0.0 0.0 0.0 0.026 0.0 
V 
* * * * * * * * Cr 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Mn 0.0 0.0 0.0 0.0 0.0 0.026 0.0 0.0 
Fe 9.098 9.200 9.543 9.220 9.036 9.107 9.280 9.092 
OCT 11.901 11.931 12.073 1l.978 11.926 1l.914 11.952 11. 910 
'IDl'AL 19.901 19.931 20.073 19.978 19.926 19.914 19.952 19.910 
Y 0.932 0.939 0.945 0.931 0.932 0.931 0.933 0.932 
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Diagenetic siderite compositions for the Bryn Poeth (AAlOE) Pen Y Gaer 
(LP 19A, 22A, 22D) and Trefor (LP72) ironstones. Carbonate values are 
recalculated from oxide values given by the probe data. Some analyses 
have been recalculated because of mixing with apatite. The Ca values 
are recalculated subtracting CaO in the ratio CaO:P205 1:1.27. 
Additionally, some silica is present in same of the analyses and is 
included to balance the totals. Ca values marked with an asterix are 
probe analyses with apatite in the analysis, and therefore 
recalculated in the ratio (CaO:P205 1:1.27) before converting to 
carbonate values. Si02 represents silica in the analysis which reduces 
the total. Siderite fonn is: R - rhornb, C - cement, 0 - replacing 
ooid. 
Sample MgC03 CaC03 MnC03 TOTAL Si02FeC°3No. CARBONATE 
MIOE 
6 82.53 2.39 8.70 3.15 96.77 4 

7 °0 86.37 2.15 8.65 3.13 100.30 0 

9 C 81.90 1.87 8.42 6.32 98.51 0 

11 R 63.72 2.76 5.12 30.09 101.69 a 

12 R 14.92 1.77 5.60 70.11 92.40 14 

13 R 78.73 2.67 11.13 10.15 102.68 0 

15 0 87.54 4.12 3.08 5.03 99.77 0 

19 0 86.23 2.48 8.26 3.32 100.29 0 

LP19A 
17 C 89.15 3.21 *0.72 3.79 96.87 0 
21 R 89.00 5.80 *1.78 1.04 97.62 0 
22 R 88.00 5.26 *1.74 1.13 96.13 0 
23 R 89.00 4.63 *1.88 0.73 96.24 0 
25 R 89.19 5.23 *1.76 0.61 96.79 0 
26 R 90.80 4.31 *1.72 0.41 97.24 0 
27 C 88.83 3.68 *1.95 0.88 95.34 0 
28 C 87.61 5.05 *2.34 0.70 95.70 0 
LP22A 
10 R 90.60 5.91 *2.10 1.ll 99.72 0 
11 R 83.64 3.97 *1.73 1.44 90.78 10 
12 R 93.05 5.69 *1.14 0.97 100.85 0 
13 R 92.66 6.11 *1.73 0.45 100.95 0 
14 R 91.11 4.59 *1.05 0.92 97.67 2 
24 C 94.95 4.22 *2.66 1.03 102.86 0 
28 C 93.75 2.46 *0.36 5.58 102.15 
LP22D 
12 R 89.88 5.87 1.24 0.48 97.47 0 
13 R 90.11. 5.52 0.83 0.55 97.01 0 
14 R 90.41 5.81 0.85 0.89 97.96 0 
15 R 89.37 5.68 1.32 0.75 97.12 0 
16 R 88.71 5.66 1.22 0.78 96.37 0 
LP72 
n- R 89.63 4.41 0.78 3.28 98.10 0 
14 R 87.85 5.34 1.41 3.89 98.49 0 
15 R 74.66 3.63 0.49 10.31 89.09 9 
16 R 85.79 5.08 0.98 9.15 101.00 0 
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EPMA analyses of hydrothermal siderites in weight % of carbonate for 
the Aber (AB-A) and Betws Gannon (SN15C and YFA) ironstones. Si02 
values are silica in the siderite analyses which otherwise reduce the 
total. 
Sample 
No. 
FeC03 MgC03 CaC03 MnC03 TOTAL 
CARBONATE 
Si02 
AB-A
-6­ 81.81 3.27 5.57 12.71 103.36 0 
7 88.71 1.93 3.84 6.13 100.61 0 
8 96.11 1.37 3.04 0.75 101.27 0 
19 85.53 3.34 3.82 9.07 101.76 0 
20 81.45 3.23 5.40 12.09 102.17 0 
21 81.33 3.09 5.78 12.09 102.29 0 
SN15C 
4 83.00 3.26 0.55 0.38 87.19 19 
5 98.07 4.44 0.54 0.00 103.05 0 
12 86.96 2.47 0.79 0.27 90.49 13 
13 89.09 2.49 0.87 0.31 92.79 II 
14 80.97 2.04 0.82 0.00 83.83 19 
15 93.22 2.08 1.25 0.50 97.05 6 
16 77.08 2.91 0.75 0.33 81.07 26 
17 92.07 3.54 0.78 0.27 96.66 8 
18 84.63 3.15 1.32 0.37 89.47 14 
20 85.55 3.10 2.00 0.40 91.05 12 
YFA 
-1­ 98.26 2.89 1.64 0.00 102.79 1 
7 101.33 0.00 0.52 0.00 101.85 1 
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:JOl"1rt 
rt ti 0 ~-;<n :JI--' 
ti 	0- en '0I--'Crt:J 
OJrtO~CI130C:l CI130C:2 CI130C:4 CI130C:5 CI137:10 CI137:11 CI137:13 CI137:14 CI137:17 	 '<: :J 0. 
<n 	 :J <n III 
ti 	0 • I--' rt 
rt ~OJSi02 45.865 44.917 44.848 43.474 44.714 41.747 44.091 44.145 42.067 g!- 0. ~ <n HIAl203 6.300 6.395 6.160 6.110 6.112 6.057 6.100 6.119 6.231 	 rt(J)I--'IO
<nrt '"1tiFeO 34.543 34.804 34.900 36.099 37.983 36.592 38.390 37.335 41.096 	 (J) (J) ~- r--­
,01"10enMnO 0.363 0.330 0.414 0.360 - - - - -	 rtO;Jrt<n:J 1-'-MgO 2.720 2.831 2.663 2.576 0.904 0.954 0.812 0.882 0.942 	 0. 1-'- I--' 
• 	 ~- ti '0cae 0.458 0.193 0.254 0.175 0.797 2.807 0.827 1.160 0.300 ~(J)g:JIK20 2.884 3.227 2.108 3.202 2.736 2.935 2.527 2.508 2.222 ~<nen~Total 93.133 92.698 91.347 91.995 93.247 91.093 92.747 92.149 92.858 	 ~ S- I-'11"1:J1ll 
<n 	 <n ;:l
rt 	en.. (J) 
~~~HI 
ti 	0.;J ti 
I FORMUlA (based on 11 oxygens) FORMUlA (based on 11 oxygens) 	 g. III :::; ~ 
I\J ~en<nUl 
l"1"'loQ~ Si 3.641 3.607 3.636 3.562 3.618 3.506 3.598 3.609 3.489 	 ~CDHo. I-'Ot-'OJAl(T} 0.359 0.393 0.364 0.438 0.382 0.494 0.402 0.391 0.511 	 .. • W 1-'­~I""'IAl(O) 0.233 0.215 0.221 0.152 0.201 0.101 0.186 0.198 0.097 R & ~-H
Fe 2.296 2.334 2.369 2.470 2.573 2.567 2.618 2.554 2.851 ~~(J)~
Mn 0.024 0.024 0.029 0.025 - - - - - I ~ Hl 1-'­0.1"1 en 
~ 0.325 0.338 0.322 0.315 0.107 0.121 0.098 0.108 0.115 g~~<n
Ca 0.038 0.015 0.024 0.015 0.068 0.252 0.074 0.103 0.025 	 rt ~- ~ ~ III (J)
K 0.296 0.328 0.214 .335 0.282 0.312 0.264 0.265 0.239 	 ;:r:(!=:I rt (J)<n • 
'rET 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 g.@(Qlll 0 
ocr 2.878 2.911 2.941 2.962 2.881 2.789 2.902 2.860 3.063 III :JHI--'Ill<nl-' 
INI' 0.334 0.343 0.238 0.350 0.350 0.564 0.338 0.368 0.264 	 ~ I-'rtW en 	 r--- 0 
OCT+INT 3.212 3.254 3.179 3.312 3.231 3.353 3.240 3.228 3.327 	 HOrtO 
7.231 7.353 7.240 7.228 7.327 	 ~ III Cf 1-'-TarAL 7.212 7.254 7.179 7.312 	 ::l 1""'1 (J)
I III 1-'­
t-'ot+o 
~ 	;:r t-l 
~ ~ 
0. 
III 
m:mt 
EPMA data for apatite plotted as cao against P205 to calculate the 
Ca/p ratio. 
cao 

60.00+ 

** 
* 2* 
*2 
** * 
40.00+ 
* * 
* 
* 
20.00+ * * 
3 
*22* 
*2 25 r = 0.998 
4424 
0.00+ 7 
+---------+---------+---------+---------+---------+P205 
0.00 10.00 20.00 30.00 40.00 50.00 
THE REGRESSION EQUATION IS 
CaO = 1.27 P20S - 0.651 
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APPENDIX 5 
X-RAY FWORFSENCE AND INIXJCflVELY COUPLED PlASMA SPEC'l'RamTRY DATA 
The ironstone were prepared by rock crushing at the Open University. 
Rock samples were broken down to roughly 3cm pieces by a hydraulic 
breaker. "nlese were then broken into 5rn:n pieces with a jaw crusher. 
Between each sample the jaws of the crusher were cleaned with a wire 
brush and acetone. 100g of sample was then placed in an agate tema and 
ground for roughly 7 minutes. Between each sample the terna was cleaned 
by grinding with a little quartzite, and then cleaning with a dusting 
brush and acetone. 
The ironstones were analysed by XRF (PW1400) at Nottingham 
University (analysts Dr. P.K. Harvey & Dr. B.P. Atkin) for the major 
elements on fused glass beads and for 18 trace elements on pressed 
powder pellets. These analyses give total iron [Fe20~(T)] in the form 
of Fe20~. Ferrous iron was calculated by titrations against potassium 
dichromate and the remaining iron was assigned as ferric iron. O.R.I. 
represents the oxidation/reduction state of the ironstone and is 
FeO/[FeO + Fe203]. Major elements are expressed as weight percent 
oxide and trace and rare earth elements as ppm. XRF values below the 
(2s) detection limit are quoted as zero. 
rcp analysis at Oxford Polytechnic (analyst Dr. W. Perkins) for the 
REE of only selected samples. Cerium and yttrium were analysed by both 
XRF and rcp. XRF values for these are given for all ironstone samples 
in the trace elements, while rcp values are only for those selected 
for REE analysis. Those REE values in brackets represent unreliable 
data and a value is determined by interpolating between adjacent 
elements on a chondrite normalised plot, and used only for calculating 
REE totals. 
The location of samples is given in Appendix 1, the nomenclature for 
rock-types is given in Appendix 1. 
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Sample 
No. ~ ~ ~ ~ LP22D LP19B ~ LP24C SN18A SN18B ABA 
Analysis 
No. 
.Q]2 lli 017 028 029 030 031 032 018 019 020 
Rock Type p p S P P P W F G G P 
Si02 
Al203 
Ti02 
Fe203(T) 
feO 
fe203 
13.21 
7.75 
0.36 
56.66 
6.20 
49.77 
19.39 
10.83 
0.46 
47.53 
31.73 
12.27 
16.28 
3.61 
0.18 
47.53 
23.38 
21.55 
19.80 
6.86 
0.39 
44.46 
30.63 
10.42 
21.48 
6.61 
0.32 
47.82 
33.42 
10.68 
17.78 
5.51 
0.28 
52.81 
22.08 
28.29 
28.52 
9.14 
0.47 
41.68 
30.10 
8.22 
30.61 
13.02 
0.76 
40.56 
27.94 
9.51 
17.04 
9.35 
0.62 
50.74 
37.48 
9.09 
10.27 
7.03 
0.53 
57.40 
35.92 
17 .49 
18.01 
9.82 
0.59 
49.98 
30.67 
15.90 
MgO 
CaO 
Na20 
K20 
MnO 
0.97 
3.93 
0.47 
0.05 
1.33 
1.86 
3.52 
0.29 
0.00 
1.44 
1.97 
5.15 
0.00 
0.00 
0.29 
1.15 
6.57 
0.19 
0.00 
0.29 
0.96 
4.09 
0.08 
0.01 
0.13 
0.65 
4.63 
0.00 
0.02 
0.15 
1.40 
4.08 
0.00 
0.00 
0.28 
1.42 
2.58 
0.03 
0.01 
0.35 
1.63 
2.19 
0.13 
0.00 
0.85 
1.37 
1.97 
0.00 
0.00 
0.63 
1.69 
1.82 
0.00 
0.00 
1.49 
P205 
LOI 
3.56 
10.79 
1.72 
12.73 
3.34 
21.53 
4.76 
14.94 
2.84 
15.82 
3.57 
14.09 
2.B4 
11.87 
1.76 
9.13 
1.22 
16.12 
1.01 
19.07 
1.01 
14.84 
TOTAL ~ 99.76 ~ 99.41 100 .17 99.50 100.30 100.22 99.89 99.29 99.25 
ORI 0.122 0.742 0.547 0.766 0.777 0.465 0.803 0.766 0.821 0.695 0.682 
As 
Ba 
Ce 
Co 
61 
207 
516 
94 
21 
85 
283 
115 
27 
48 
188 
46 
852 
100 
157 
38 
31 
12() 
173 
25 
49 
199 
173 
26 
36 
72 
137 
28 
40 
95 
186 
62 
4 
59 
174 
36 
8 
89 
122 
31 
0 
52 
114 
40 
Cr 243 129 107 140 195 176 165 159 200 172 192 
Cu 
Hf 
Ni 
Nb 
Pb 
Rb 
60 
5 
165 
9 
81 
8 
21 
4 
414 
15 
26 
10 
45 
0 
37 
5 
17 
9 
25 
4 
47 
10 
39 
10 
32 
a 
36 
8 
26 
10 
30 
8 
19 
6 
26 
10 
30 
6 
44 
9 
21 
7 
17 
0 
121 
18 
22 
10 
26 
3 
50 
15 
11 
11 
28 
13 
54 
14 
B 
11 
62 
4 
63 
16 
11 
10 
S 4366 1563 24784 20645 6606 7321 7796 0 B41 IB79 1051 
Sc 23 32 10 11 9 7 15 25 44 43 35 
Sr 221 154 177 369 240 510 147 139 32 34 18 
V 484 245 246 253 319 305 249 230 238 236 226 
Y 124 100 91 72 74 85 68 82 63 47 61 
Zn 213 167 41 108 103 91 127 195 143 127 163 
Zr 86 147 53 79 64 48 91 182 144 116 135 
La 43.48 36.05 -
-
40.42 - 32.87 36.63 - 18.25 27.76 
Ce 165.18 134.27 -
-
87.88 - 75.94 91.22 - 48.87 68.04 
Pr 
Nd 
(15.40) 
81.35 
(12.54) 
66.50 
-
-
-
-
(11.09) 
51.62 
-
-
(9.41) 
45.94 
10.92 
46.14 
-
-
(6.16) 
31.90 
8.82 
43.10 
Sm 21.03 16.86 - - 10.76 - 10.80 12.14 - 7.92 10.91 
Eu 5.27 4.37 
- - 2.39 - 2.43 2.68 - 1.97 2.57 
G:l 24.97 20.59 - - 12.25 - 12.44 14.10 - 8.59 11.43 
Tb 3.54 2.88 - - L50 - 1.45 2.02 - (1.42) 1.99 
Dy 22.07 19.63 - - 11.05 - 10.77 12.72 - B.91 11.27 
Ho 4.10 3.88 
-
- 2.15 - 2.03 2.44 - 1.74 2.18 
Er 11.25 10.8B - - 5.89 - 5.57 6.89 - 5.46 6.63 
TIn 
Yb 
1.52 
9.50 
1.64 
10.46 
-
-
-
-
0.81 
4.78 
-
-
0.79 
4.78 
(LOB) 
7.19 
-
-
0.91 
6.09 
(1.04) 
6.95 
Lu 1.29 1.53 -
-
0.64 - 0.64 1.07 - 0.89 1.04 
'! 117.05 99.16 - - 65.91 - 61.94 61.47 - 45.01 53.07 
Ce/Ce* 1.48 1.47 - - 0.96 - l.00 1.09 - 1.06 LOa 
Eu/Eu* 
REE 
0.71 
409.95 
0.72 
342.08 
-
-
-
-
0.64 
243.23 
-
-
0.64 
215.86 
0.66 
246.61 
-
-
0.73 
149.08 
0.71 
203.73 
REE+Y 527.00 442.24 -
-
309.14 - 277.80 30B.08 - 194.09 256.80 
La/Lu 
La/Sm 
33.71 
2.07 
23.56 
2.14 
-
-
-
-
63.16 
3.76 
-
-
51.40 
3.04 
34.23 
3.02 
-
-
20.51 
2.30 
26.69 
2.55 
G:l/Lu 
Sm/Ho 
Ho/Lu 
19.36 
5.13 
3.18 
13.46 
4.35 
2.54 
-
-
-
-
-
-
19.14 
5.01 
3.36 
-
-
-
19.44 
5.32 
3.17 
13.18 
4.98 
2.28 
-
-
-
9.65 
4.55 
1.96 
10.99 
5.01 
2.10 
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Sample AS SN14D SN14E: SN14F SNUG SN14H SN14! YF SN14B SN15B~ No. 
Analysis Qll 040 001 002 003 004 005 006 007 008 009 
No. 
Rock Type G P P P P P P P P P P 
Si02 18.51 17.02 12.11 15.62 11.94 13.59 14.49 12.90 11.27 14.26 
Al203 8.14 8.82 4.88 6.13 4.97 5.95 5.64 5.97 4.38 5.03 
Tio2 0.60 0.36 0.23 0.29 0.24 0.27 0.28 0.23 0.20 0.19 
Pe203(T) 48.91 41.88 56.38 53.61 61.15 64.25 68.12 65.94 61.56 49.88 
PeO 31.43 30.32 40.87 36.32 36.10 27.45 29.74 25.74 33.04 39.37 35.69 
Pe203 13.98 8.18 10.95 13.25 21.05 33.74 35.07 29.22 17.81 10.22 
MgO l.65 3.19 0.84 1.02 1.00 1.04 0.99 0.79 0.64 1.56 
CaO 2.49 13.40 5.88 5.83 6.00 6.01 3.76 5.32 3.82 5.78 
Na20 0.12 0.00 0.00 0.01 0.00 0.00 0.02 0.00 0.00 0.00 
K20 0.00 0.22 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MnO 1.52 0.53 0.05 0.01 0.04 0.05 0.07 0.03 0.02 0.24 
P205 1.40 7.82 4.11 4.13 4.19 4.42 2.68 3.79 2.62 3.91 
LOI 16.29 6.49 14.86 13.49 9.69 3.54 3.06 4.26 15.37 18.97 
ror 99.63 99.74 99.34 100.16 99.22 99.13 99.10 99.24 99.87 99.81 
ORI 0.714 0.805 0.806 0.753 0.656 0.475 0.485 0.557 0.711 0.795 
As 0 6 0 11 2 13 29 0 26 5 1 

Sa 52 44 77 79 93 127 164 120 115 109 54 

Ce 154 314 225 185 182 288 327 234 225 205 185 

Co 35 8 28 34 32 47 32 37 24 29 23 

Cr 192 231 255 309 284 399 325 317 346 275 220 

Cu 37 43 23 34 31 36 40 49 30 20 21 

Hf 8 7 a 3 10 0 6 0 11 4 6 

Ni 65 19 30 30 27 37 49 37 35 41 37 

Nb 15 9 7 7 4 7 7 2 7 5 5 

Pb 16 13 9 29 21 7 21 15 17 13 12 

Rb 10 25 12 10 10 12 14 13 14 11 10 

S 792 82979 1821 26005 12172 5109 3185 4046 1546 8270 6487 

Sc 39 19 12 13 15 11 12 9 13 12 16 

Sr 33 215 459 426 434 554 375 443 422 474 481 

V 237 403 358 424 420 584 495 469 463 428 416 

'l 67 159 99 94 82 111 81 99 103 77 101 

Zn 145 27 78 163 130 169 348 401 201 70 71 

Zr 137 79 56 68 59 68 69 59 65 50 54 

La - - 36.73 - - 49.88 42.71 - - 27.14 39.69 

Ce - - 88.75 - - 112.09 107.25 - - 72.30 101.84 

Pr - - 9.89 - - (14.00 ) (11.76) - - (7.95) ( 11.42) 

Nd - - 48.97 - - 67.07 55.52 - - 39.31 54.80 

Sm 
- -
11.83 
- -
14.99 13.23 - - 9.33 12.36 

Eu - - 2.67 - - 3.34 2.90 - - 2.12 2.87 

Gd - - 12.53 - - 16.32 14.48 - - 10.88 14.66 

Tb 
- -
1.87 - - 2.03 1.97 - - (1.66) 1.81 

Dy - - 10.01 - - 13 .57 11. 57 - - 9.71 11.87 

Ho - - 1.78 - - 2.59 2.11 - - 1.82 2.22 

Er - - 5.13 - - 6.92 5.76 - - 5.02 5.98 

Tm - - (0.71) - - (0.97) (0.81) - - 0.69 (0.86) 

Yb -
-
4.10 - - 5.77 4.80 - - 5.51 5.26 

Lu - - 0.59 - - 0.76 0.65 - - 0.59 0.70 

'1 - - 56.94 - - 75.66 58.32 - - 52.31 66.68 

Ce/Ce* - - 1.06 - - 0.97 1.11 - - 1.15 1.11 

Eu/E:u* - - 0.67 - - 0.65 0.64 - - 0.65 0.65 

RE:E - - 235.56 - - 310.30 275.52 - - 194.03 266.34 

REE+Y 
-
- 292.50 - - 385.96 333.84 - - 246.34 333.02 

La/Lu 
- -
62.26 - - 65.63 65.71 - - 46.00 56.70 
La/Sm - - 3.11 - - 3.33 3.23 - - 2.91 3.21 
Gd/Lu - - 21.24 - - 21.47 22.28 - - 18.44 20.94 
SmjHo - - 6.64 - - 5.79 6.27 - - 5.13 5.57 
Ho!Lu - - 3.02 - - 3.41 3.25 - - 3.09 3.17 
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Sample YF-G 
No. 
Analysis 033 
No. 
Rock Type F 
~ 
Qli 
W 
~ 
~ 
r 
SN13B 
026 
p 
TIX02 
027 
p 
SNU 
023 
W 
SNllA 
024 
'W 
Crl30s 
010 
P 
CIl30C 
011 
\\1 
CIl34A 
012 
P 
CIl36B 
013 
P 
Si02 38.07 
AI 203 8.07 
Ti02 0.36 
Fe203(T) 33.05 
PeO 5.79 
Fe203 26.62 
MgO 1.04 
CaO 6.33 
Na20 0.00 
K20 0.00 
MnO 0.00 
P205 4.76 
LOI 8.56 
TOl'AL 
.!QQdi 
OR! 0.196 
25.67 
7.78 
0.36 
45.24 
1.31 
4.34 
0.06 
0.00 
0.06 
3.10 
12.22 
100.14 
34.48 
10.19 
0.33 
28.02 
16.52 
9.67 
1.00 
11. 59 
0.00 
0.00 
0.08 
9.19 
5.17 
100.06 
0.655 
8.74 
4.29 
0.18 
76.05 
19.53 
55.37 
0.39 
3.70 
0.13 
0.00 
0.08 
2.96 
2.29 
~ 
0.282 
8.76 
3.57 
0.15 
77.44 
19.27 
56.02 
0.27 
3.48 
0.00 
0.01 
0.06 
2.78 
2.89 
99.39 
0.277 
21.03 
6.68 
0.30 
62.51 
27.09 
34.40 
L47 
1.72 
0.14 
0.39 
0.49 
1.13 
3.98 
2hli 
0.467 
24.07 
8.50 
0.51 
55.16 
26.05 
26.21 
1.51 
1.85 
0.15 
0.37 
0.58 
1.27 
5.15 
99.11 
0.525 
23.75 
7.20 
0.37 
55.80 
23.62 
29.54 
1.37 
3.92 
0.00 
0.40 
0.11 
2.88 
3.79 
99.59 
0.471 
25.03 
7.75 
0.40 
48.21 
28.53 
16.50 
2.00 
3.89 
0.00 
0.71 
0.22 
2.68 
9.29 
100.18 
0.658 
17.70 
7.41 
0.35 
61.39 
26.60 
31.83 
1.31 
4.40 
0.00 
0.07 
0.04 
3.23 
3.43 
99.34 
0.482 
25.57 
9.15 
0.45 
50.38 
25.96 
21.53 
1.71 
4.30 
0.00 
0.31 
0.13 
3.04 
5.04 
100.07 
0.573 
As 310 
Ba 36 
Ce 155 
Co 41 
Cr 129 
Cu 105 
Hf 4 
Ni 30 
Nb 8 
Pb 26 
Rb 7 
S 71199 
Sc 12 
8r 558 
V 217 
Y 62 
Zn 117 
Zr 81 
26 
67 
184 
22 
263 
42 
5 
29 
8 
12 
8 
18895 
10 
628 
412 
91 
151 
96 
0 
0 
77 
41 
238 
15 
0 
60 
12 
12 
10 
2816 
20 
194 
463 
105 
100 
87 
0 
75 
241 
52 
377 
29 
16 
25 
8 
19 
13 
1005 
19 
114 
575 
98 
43 
53 
0 
42 
259 
92 
375 
22 
0 
34 
5 
8 
15 
677 
21 
84 
562 
99 
37 
55 
114 
50 
238 
94 
90 
24 
14 
127 
22 
16 
48 
16961 
16 
47 
177 
45 
91 
106 
56 
97 
232 
54 
141 
30 
16 
60 
16 
8 
57 
10171 
27 
90 
310 
58 
220 
116 
5 
116 
318 
26 
257 
19 
8 
35 
10 
7 
50 
1243 
14 
119 
416 
82 
40 
71 
5 
154 
147 
49 
160 
93 
4 
29 
9 
14 
68 
101997 
11 
126 
296 
63 
39 
75 
3 
81 
236 
33 
259 
26 
12 
41 
8 
46 
22 
20 
10 
128 
489 
83 
98 
80 
S 
92 
189 
27 
173 
23 
7 
33 
10 
10 
40 
5676 
15 
148 
324 
63 
69 
83 
La -
Ce -
Pr -
Nd -
8m 
-
Eu -
Cd -
Tb -
Dy -
Ho 
-
Er -
Tn! -
Yb -
Lu -
Y -
Ce/Ce* -
Eu/Eu* -
REE -
RE8+Y -
La/Lu -
La/Sm -
Gd/Lu 
Sm/Ho -
Ho/I..u -
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
25.62 
72.61 
7.07 
30.92 
8.07 
1.80 
9.44 
1.48 
9.37 
1.97 
5.64 
(0.88) 
5.75 
0.80 
47.74 
1.25 
0.63 
180.79 
228.53 
32.03 
3.18 
11.BO 
4.10 
2.46 
60.51 
141.31 
14.49 
68.31 
14.98 
2.74 
15.69 
2.40 
14.13 
2.68 
7.38 
(1.03) 
6.20 
0.84 
74.91 
1.10 
0.55 
352.69 
427.60 
72.04 
4.04 
18.68 
5.59 
3.19 
44.43 
102.97 
11.34 
53.28 
11.07 
2.19 
12.58 
1.71 
10.90 
2.04 
5.80 
(0.80) 
4.76 
0.69 
59.47 
1.00 
0.56 
264.56 
324.03 
64.39 
4.01 
18.23 
5.43 
2.96 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
30.06 
73.22 
7.92 
38.44 
9.37 
1.90 
9.71 
(l.60) 
9.83 
(2.01) 
5.45 
(0.75) 
4.28 
0.63 
53.30 
L09 
0.61 
195.17 
248.47 
47.71 
3.21 
15.41 
* 
* 
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Sample 
No. 
Cll37 ~ CIl23 ~ 
Analysis 
No. 
Q!i 035 036 022 
Rock Type P W M P 
8i02 
A1203 
Ti02 
fe203(T) 
feO 
Fe203 
MgO 
CaO 
17.79 
6.77 
0.35 
61. 39 
27.20 
31.17 
0.93 
5.51 
42.27 
12.16 
0.54 
30.60 
20.13 
8.22 
1. 37 
4.78 
45.13 
16.60 
0.79 
19.34 
11.95 
6.06 
1.64 
4.46 
17.80 
4.51 
0.33 
69.60 
27.42 
39.13 
1.04 
2.30 
Na20 0.00 O.OB 0.04 0.02 
K20 0.13 0.00 2.44 0.32 
MnO 0.06 0.06 0.04 0.06 
P205 3.22 3.52 3.44 1.62 
LO! 3.12 4.99 5.21 1. 64 
TorAL 99.28 ~ 99.13 ~ 
OR! 0.492 0.731 0.687 0.438 
As 0 41 121 0 
Ba 66 34 5545 111 
Ce 266 185 153 150 
Co 36 25 17 42 
Cr 204 247 159 69 
Cu 21 32 13 28 
HE 5 5 0 0 
Ni 32 70 58 58 
Nb 7 16 16 6 
Pb 16 59 13 8 
Rb 23 7 84 27 
S 2840 0 0 10622 
Sc 8 23 12 6 
Sr 14B 32 81 67 
V 418 371 110 268 
'l 91 119 79 49 
Zn 94 147 112 160 
Zr 68 128 129 64 
La 56.63 21.83 - -
Ce 134.98 73.78 
- -
Pr (15.12) 7.71 
- -
tJd 69.61 31.93 - -
Sm 14.63 10.29 -
Eu 3.30 1.72 - -
Gd 16.79 15.70 - -
Tb 2.31 2.21 - -
Dy 
Ho 
15.56 
3.03 
14.41 
3.02 
-
-
-
-
Er 8.27 7.16 - -
Tm 1.14 L03 -
Yb 6.53 7.91 - -
Lu 0.87 1.16 - -
y 88.84 69.94 - -
Ce/Ce* 1.06 1. 31 
-
-
Eu/Eu* 0.65 0.46 -
REf, 348.77 199.86 - -
REE+'l 437.61 269.80 - -
La/Lu 65.09 18.82 -
La/Sm 
Gd/Lu 
Sm/Ho 
3.87 
19.30 
4.83 
2.12 
13 .54 
3.41 
-
-
-
-
-
-
Ilo/Lu 3.48 2.60 - -
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